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ABSTRACT
Hypersonic vehicles operate at speeds in excess of Mach 5, producing extreme
temperatures and nonequilibrium flow phenomena. A principle challenge associated
with designing hypersonic platforms lies in the modeling of the nonequilibrium envi-
ronment in which they will operate. The overall goal of this thesis is to perform a
detailed investigation into the thermochemistry modeling of hypersonic air flows and
is broken into two main sections.
The first section provides an assessment of different assumptions for thermochem-
istry modeling on hypersonic air flows. A computational analysis is used to study
flows over a double-cone using three different thermochemical approaches: nonequi-
librium flow, equilibrium flow, and frozen flow for air at several different freestream
conditions. The thermochemical model effects on the flow field and surface properties
are specific areas of interest. The resulting aerothermodynamic loads are compared to
experiments performed in the CUBRC LENS-I and LENS-XX facilities and indicates
that thermochemistry modeling plays an important role in determining surface prop-
erties. The results indicate that the specific thermochemistry model used to describe
hypersonic flow over a double-cone plays an important role in determining surface
properties for both CUBRC facilities, especially at high enthalpies. A comparison of
Park and Modified Marrone-Treanor thermochemistry models is also made and con-
clude that both models produce similar surface properties, a result of the freestream
density, and fail to reproduce experimental results. Careful analysis concludes that
consistent over and under prediction of pressure drag and heat load indicates there is
xii
some unknown fundamental difference between the actual experiments and the sim-
ulations, thus limiting the usefulness of these double-cone experiments for validation
of thermochemistry models.
The second section focuses on understanding the uncertainties between computa-
tional simulations and experiments by conducting a sensitivity analysis on the ther-
mochemical kinetics of hypersonic flow over a cylinder. A computational analysis is
used to model Mach 5 and Mach 7 flows over a cylinder, where freestream properties
are representative of experiments to be conducted in the Hypervelocity Expansion
Tube at the California Institute of Technology. The sensitivity analysis is conducted
using the polynomial chaos expansion method and Sobol indices are used to deter-
mine which thermochemical nonequilibrium phenomena most affect various quantities
of interest. The results show that the O2-N2 and O2-O reactions dominate surface
pressure, surface heat transfer, drag, heating rate, and rotational temperature, while
the first two Zeldovich reactions dominate the surface number density of NO. The
O2-O2 reaction was found to be less important than other reactions. Surface pressure
and drag are also shown to be relatively insensitive overall. The results also indicate
flow separation and recirculation near the trailing edge of the cylinder. These find-
ings will help diagnostic developments to lower discrepancies between computation
and experiments, and indicate that the Hypervelocity Expansion Tube experiments




“The man in black fled across the desert, and the gunslinger followed.”
Stephen King, The Gunslinger
1.1 Background
Hypersonic flight took on serious international interest in the late 1940’s after
the end of World War II. In 1949 the first manufactured object reached hypersonic
velocities of Mach 6.7 at a facility in White Sands, New Mexico. However, this
vehicle burned up during reentry due to extreme heat loads. Studies continued during
the cold war with nations sending humans to pilot hypersonic vehicles, and perhaps
climaxed during the Apollo program with man’s landing, and safely returning, trip
to the moon. These initial hypersonic applications were largely blunt-nosed, slender-
bodied rockets, or in the case of the Mercury, Gemini, and Apollo programs, blunt
capsules. Hypersonic flight vehicles have successfully flown for more than 72 years,
with Apollo reentry reaching Mach 35. Much of this success is credited to conservative
designs, due to the lack of computational resources and knowledge, and enormous
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funding allowing for numerous and expensive testing. A wide spectrum of hypersonic
test facility categories is shown in Fig. 1.1 where the ranges of velocities and test
time, assuming air as the test gas, are displayed. However, with the improvement
of computational resources, over time focus began shifting to hypersonic approaches
and applications that can reduce cost [1].
Figure 1.1: Hypersonic test facility categories assuming air as the test gas [1].
Many experiments on hypersonics were carried out between the late 1940’s and
today. In the late 1950’s and 1960’s shock tube studies were conducted to measure
the rate of oxygen and nitrogen dissociation [2–4]. The shock tube produces a strong
shock that travels down stream and over some measurement system. These exper-
iments can only measure on the order of milliseconds, shown by Fig. 1.1. These
2
experiments still inform popular models today. The estimated uncertainty in these
experiments was about 30%, mostly due to the measurement of the shock speed. The
disregard of thermal nonequilibrium also produced errors in the measurements. These
assumptions are now known to significantly influence quantities of interest.
Continuing the investigation into hypersonics, Chul Park interpreted the shock
tube data using a two-temperature (2T) model in the 1980’s and 1990’s [5–10]. The
overall objective of interpreting the data was to account for the effects of vibrational
energy. Park was eventually able to propose a chemical kinetics model after several
shock tube experiments were simulated so rates could be determined. This model is
known today as Park’s 2T model. The Park 2T model is one of the most popular
utilized tools for researchers today and is discussed later in Chapter 2.
Recent advances in computational hypersonics includes the introduction of the
quasiclassical trajectory (QCT) method [11–13]. This method was constructed by
the production of several potential energy surfaces (PESs), which describes the force
on each atom during a molecular interaction, allowing the time-evolution of a system
to be simulated using the classical equations of motion. Such a method allows for
detailed information about dissociation and relaxation. However, QCT is computa-
tionally expensive when compared to Park’s 2T model, leaving computationalist to
wonder if the method is worth the extra expense or if Park’s 2T approach is “good
enough” for their investigation. This dissertation aims to help answer that question.
The past several years has also seen a significant growth in international interest
for hypersonic flight. The United States Department of Defense has recently made
hypersonics one of its highest technical priorities, and as a result there has never been
3
more activity on hypersonics than there is today in the United States [14]. Other
nations around the world are also funding military and civilian programs involving
hypersonic flight [15], leaving citizens to wonder if the United States is moving quickly
enough to respond [16]. A few United States examples of hypersonic flight include the
Space Shuttle program, the Defense Advanced Research Projects Agency’s (DARPA)
Hypersonic Technology Vehicle 2 (HTV-2) program shown in Fig. 1.2 [17], and the
Air Force Research Laboratory’s (AFRL) HIFiRE program shown in Fig. 1.3 [18].
The United States also recently launched American astronauts from United States
soil for the first time in nearly a decade [19] and like the Space Shuttle before it, the
redesigned capsule reenters at hypersonic velocities. Several examples of international
hypersonic programs can be found in Ref. [20].
4
Figure 1.2: An illustration of DARPA’S HTV-2 [17].
5
Figure 1.3: Launch of AFRL’s HIFiRE hypersonic test vehicle [18].
6
One important test facility in the advancement of hypersonic research is the
Calspan-University of Buffalo Research Center (CUBRC). CUBRC was founded in
1983 as an independent non-profit research and development company. CUBRC’s
facilities, however, date back to the 1950’s where it made contributions to NASA’s
Gemini and Apollo capsules as well as the Space Shuttle. More recently, CUBRC
has worked in the area of hypersonics by completing their LENS-I high energy shock
tunnel which can operate up to 12,000 ft/sec. This tunnel served many United States
Department of Defense and NASA projects, such as the X-43 Scramjet.
A major contribution to hypersonic experiments was the LENS-I experiments of
the double-cone. In 2001, a set of these experiments were conducted by Harvey et
al. [21] and they have been widely used for code validation the last two decades.
The double-cone experiments agreed with numerical simulations for high enthalpy
nitrogen flows [22], however there were large discrepancies when dealing with air and
oxygen [23]. Further investigation found that the double-cone flow field was sensitive
to the nonequilibrium effects [24]. Further studies by Druguet et al. [25] eventually
led researches to believe that the previously conducted high enthalpy double-cone ex-
periments suffered from nonequilibrium in the freestream and reflected shock tunnel,
thus impacting surface properties [26]. It was determined that new hypersonic exper-
iments should be conducted in a facility free of a freestream in nonequilibrium, thus
new double-cone experiments were conducted in the newer LENS-XX shock tunnel
in 2013 [27]. The LENS-XX shock tunnel can produce freestream conditions up to
35,000 ft/sec to simulate re-entry into Earth and other planetary atmospheres. It was
believed that the freestream would be better characterized in this facility, thus low-
7
ering discrepancies between numerical simulations and experimental measurements.
CUBRC is discussed further in Chapters 3 and 4.
1.1.1 Hypersonic Flight
Hypersonic flight refers to the flight regime where ideal gas assumptions begin
to break down. This means that chemical reactions and activation of the vibrational
energy modes are beginning to take place in the flow and nonequilibrium effects begin
to occur and dominate the flow physics. This phenomenon is generally understood
to take place at speeds above Mach 5.
A principal challenge associated with designing these hypersonic platforms lies
in the modeling of the nonequilibrium flow environment in which they will operate.
Nonequilibrium flow can be characterized in two categories, thermal and chemical
nonequilibrium. Thermal nonequilibrium occurs behind shock waves where the gas
is suddenly heated and the internal energy modes, characterized by a temperature,
are in nonequilibrium. This is due to the difference in time scales it takes different
internal energy modes, such as the various translational, rotational, vibrational, and
electronic modes, to equilibrate. Chemical nonequilibrium refers to the population
distribution of individual species in multi-species mixtures. The flow is in chemical
equilibrium when the population distribution of species is unchanging. With a 50%
difference in vibrational energy spacing between nitrogen and oxygen, and an almost
100% difference in chemical bond strength, the accuracy of these nonequilibrium flow
models become very important in sustained hypersonic flight conditions where oxygen
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is not entirely dissociated. This phenomenon occurs at flight conditions between
about Mach 5 and Mach 10.
Atomic oxygen is also highly reactive with the vehicle surface material. This
surface thermochemistry involves surface-fluid interactions due to the intense heating
a flow experiences during hypersonic conditions. In a nonequilibrium flow, air species
upstream of the surface have not fully equilibrated by the time they reach the wall.
This allows these air species to interact with the generally cooler wall and impart
some of their energy into the wall, initializing catalytic reactions between the gas-
phase molecules and atomic species bound to the surface. These chemical reaction
can significantly affect surface properties and release atoms of the surface material
into the gas-phase, which can alter the chemical pathways associated with plasma
formation [28]. The degree to which surface properties are effected depend on the
composition and behavior of the surface material and the characterization of chemical
reactions in the flow.
Additionally, hypersonic flight vehicles approaching velocities near or in excess of
Mach 10, like those produced by the Space Shuttle during reentry, produce an intense
heating of the gas that generates a layer of plasma around the vehicle [29]. This
generation of plasma is known to hinder characteristics of the flight vehicle, such as
surface ablation and the transmission of radio-waves, and can lead to a total loss of
communication between the flight vehicle and the satellites and ground stations that
are tracking it [30, 31]. For reentry vehicles like the Space Shuttle, this blackout of
communication occurs during a relatively short time frame. However, the phenomena
becomes more of a challenge when dealing with sustained hypersonic flight vehicles
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where the mission may spend a considerable amount of time within the blackout
regime, potentially affecting guidance, tracking, radar identification, electronic coun-
termeasures, and abort functionality [30].
A predominant characteristic of sustained hypersonic flight is the aerothermo-
chemistry. Aerothermochemistry is a scientific term for the study of gases taking
into account the effects of motion, heat, and chemical changes. Understanding the
aerothermochemistry of sustained hypersonic flight has been the focus of a large
body of research over the course of the last several years. Some recent examples of
these studies include developing numerical methods for molecular dissociation and
relaxation, nonequilibrium flows, fluid-surface interactions, and others [32–35]. De-
spite extensive research the past decade, there are still discrepancies when dealing
with aerothermochemistry, shown by differences between Computational Fluid Dy-
namics (CFD) and experimental measurements in Refs. [36–38]. Due to the extreme
challenge of replicating the high-enthalpy freestream conditions associated with hy-
personic flows in ground test facilities, the advancement of the state-of-the-art in this
area will rely heavily on computational simulations.
There is still a great deal of uncertainty regarding the range of applicability of
the underlying thermochemical models governing the physics of these nonequilibrium
flows. The need for improved computational understanding of hypersonic flight is
demonstrated by the DARPA HTV-2 project. The overall goal of the project was
to provide the United States the capability to reach any target in the world with
an unmanned flight vehicle in one hour or less. Obviously, this requires a flight ve-
hicle that will spend a considerable amount of time in the hypersonic flight regime.
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During a 2011 test flight, HTV-2 was able to fly for about three minutes before its
safety system aborted the mission and crashed into the Pacific Ocean. The ensu-
ing investigation found that the vehicle had endured flight loads larger than what
was predicted, causing fatal damage to the surface and termination of flight. The
outcome of the demonstration indicates the need for an improved understanding of
the thermochemical models governing the physics of hypersonic flow. Therefore, this
dissertation aims to, first, identify hypersonic flow conditions that are good test cases
for assessment of detailed thermochemistry modeling. Second, the current work aims
to lower discrepancies when dealing with hypersonic flows and thermochemistry mod-
els by collaborating with experimentalists in identifying key reactions that influence
quantities of interest.
1.2 Motivation and Scope
One of the most important aspects of hypersonic aerothermodynamics is how the
thermochemistry affects the surface properties. Flow with extreme temperatures of
several thousand Kelvin is produced around hypersonic vehicles. These extreme tem-
peratures lead to complex physical processes such as activation of internal energy
modes and chemical reactions. These processes along with the shock wave interac-
tion with the boundary-layer significantly affect the aerothermodynamic properties
of the gas, such as pressure and temperature. Therefore, it is important that these
interactions can be predicted with physical accuracy and numerical efficiency.
The overall motivation of this dissertation is to develop a better understanding of
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the aerothermochemistry that accompanies hypersonic flight to help enable vehicles
to fly faster, longer, and at different freestream conditions. This is accomplished by
utilizing CFD and other computational tools to analyze the effects of thermochemistry
modeling for hypersonic relevant air flows that would otherwise be too expensive or
complicated to replicate in a laboratory setting.
This dissertation focuses on the external aerothermodynamics. Specifically, the
current works aims to study 5-species air modeled as a laminar flow. Though the
transition to turbulence is important, the presented flow scenarios are understood
to be laminar. The laminar model also allows for an in-depth analysis of hyper-
sonic reacting flows at low computational cost. The 5-species air model involves: (1)
molecular nitrogen, N2, (2) molecular oxygen, O2, (3) atomic nitrogen, N, (4) atomic
oxygen, O, and (5) nitric oxide, NO. Hypersonic air species can also be ionized and
the flow can contain free electrons, making an 11-species air model relevant. However,
the current work focuses on hypersonic conditions where temperatures are not high
enough to ionize the flow. Therefore, the 5-species air model allows for a sufficient
study of the aerothermodynamics at low computational expense.
A recurring strategy in this dissertation involves the alteration of the thermochem-
ical kinetics that is associated with the modeling of hypersonic flows. This approach
allows computationalists to compare modeling assumptions side-by-side to help de-
termine the impact of those assumptions. For example, the thermochemical kinetics
model can be altered such that chemical reactions do not take place in the flow. This
is identical to the perfect gas model. CFD simulations with chemistry turned on
and turned off can be compared against each other to help determine the significance
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of the thermochemistry model. Particular reactions are also studied individually to
help determine how they influence a particular hypersonic flow. This requires the
incorporation of multiple computational tools, which accounts for a major portion of
the presented work. Additionally, this work provides insight into the usefulness of
past and current hypersonic experiments for validation of thermochemistry models
by comparing different models to each other and to experimental measurements.
A significant portion of this work is also motivated by the collaboration between
experimentalists and computationalists. Creating hypersonic experiments and com-
putational simulations is a difficult task that often leads to multiple inconsistencies
between the two groups, like those discussed in Section 1.1. However, when the two
groups work together it can help create ideal experiments that are relevant to real-
life flight vehicles, that can be reproduced by computational simulations, and that
produce high-quality data which can be used to validate new thermochemistry mod-
els. Hypersonic facilities are crucial in the development to any real-world vehicle.
Computational simulation of the hypersonic facilities themselves help aid in the char-
acterization and development, which can lower inconsistencies by providing data that
can be used to improve diagnostics.
1.3 Dissertation Outline
This dissertation is divided into six chapters. The first chapter presented a brief
background and motivation for the current work. More importantly, it underlines
the main objective of this dissertation which is to gain a better understanding of
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the aerothermochemistry that accompanies hypersonic flight. The second chapter
provides a discussion on thermodynamics and equilibrium. Additionally, Chapter 2
provides an in-depth description on the numerical modeling and simulation of hyper-
sonic gas dynamics and the numerical methods utilized in this dissertation.
The major results of this dissertation are provided in Chapters 3-5. Chapter 3 in-
vestigates the effects of thermochemistry modeling for hypersonic flow with freestream
conditions in a nonequilibrium state. Chapter 3 lays a foundation for Chapter 4 where
the effects of thermochemistry modeling for hypersonic flow is also investigated, but
the freestream has now been measured in what is believed to be a better characterized
facility. Chapter 4 also compares the effect of a newly implemented thermochemistry
model against Park’s 2T model. Chapters 3 and 4 provide a foundation for the mo-
tivation of Chapter 5 where a sensitivity analysis on the thermochemical kinetics is
examined to help better understand inconsistencies between CFD and experiments,
which required collaboration between the two groups. Chapter 5 also required the
coupling of different numerical tools, which accounted for a major portion of the
current effort.
This dissertation ends with Chapter 6, which includes an in-depth discussion on
conclusions based on trends observed in Chapters 3-5. It also provides an overview
of specific research contributions, recommendations for future work, and a list of
publications by the author.
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CHAPTER 2
Numerical Modeling and Simulation of
Hypersonic Gas Dynamics
A principal challenge associated with designing hypersonic platforms lies in the
modeling of the nonequilibrium flow environment in which they will operate. Conse-
quently, this requires a fundamental understanding of thermodynamics and equilib-
rium and is discussed below.
This chapter begins by briefly discussing the underlying physics associated with
nonequilibrium flow phenomena typically found in hypersonic flow environments.
Next, a description of the CFD used to simulate hypersonic flow fields is provided.
The chapter ends with a brief overview of the toolkit used to conduct the sensitivity
analysis on the chemistry model.
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2.1 Thermodynamic Equilibrium
The physics for any gas species governed by the ideal gas law accounts for several
different energy modes. The gas particles interact with each other through collisions,
thus transferring energy between particles and different internal energy modes. The
energy levels of each mode can be quantized. A brief overview of energy modes for
diatomic molecules is discussed in the following paragraphs.
The translational energy mode describes the kinetic energy of a particle. Each
particle’s translational energy is due to its kinetic motion and can be defined classi-
cally by simply εtr =
1
2
mv2. Therefore, the translational energy mode is also related
to the velocity distribution function (VDF). The VDF can simply be defined as the
probability function of finding a particle at a particular velocity. There are three
degrees of freedom in three dimensional space. Translational energy levels are usually
treated as a continuum due to the extremely small spacing between energy levels
(≈ 10−38 J) [39].
The rotational energy mode describes a particle’s energy due to rotation. The
rotation is often described by the rigid-rotor model [39]. For diatomic molecules,
there are two degrees of freedom. The rotational energy is quantized, however, due
to the small spacing between energy levels, a classical treatment is typically utilized.
Monatomic gas particles do not have a rotational mode.
The vibrational energy mode describes a particle’s energy due to oscillations in
molecules. The energy levels are quantized and unlike the rotational and translational
modes, the spacing is relatively large. It is likely that the vibrational mode is never
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fully activated due to molecular dissociation at high vibrational levels. Monatomic
gas particles do not have a vibrational mode.
Bound electrons also contribute to the internal energy of a particle. The electrons
bound to an atom or molecule can occupy different energy levels, and these levels
have very large spacing. In general, the ground state is the most heavily populated.
However, other excited levels are important for understanding radiation.
Lastly, free electrons also contribute to the internal energy of a gas and they
describe electrons that are not bound to a particle. These electrons have their own
translational mode, small mass, and high velocities. The energy of free electrons is
treated as continuum. The free electron mode is not considered in this dissertation
due to their absence in the emphasized 5-species gas model (N2, N, O2, O, and NO).
Additionally, it is important to understand the time it takes for spatial changes
to occur in the flow properties. This is usually described by some characteristic flow
time τ . The degree of nonequilibrium can be determined by comparing different time
scales. Another important parameter for understanding the degree of nonequilibrium
are the length scales. Typically, this is determined by the Knudsen number, shown in
Eq. 2.1 where λ is the mean-free-path and L is a characteristic length scale. Equation
2.1 is useful in determining the flow regime. When Kn < 0.01, the flow regime is in
continuum and when Kn > 10 the regime is defined as free molecular flow. The






The temperature can describe the distribution of energy in thermal equilibrium.
In this approach, thermal equilibrium is expressed as:
Ttr = Tr = Tvib = Te (2.2)
For gases in thermal nonequilibrium, a multi-temperature approach is needed.
One of the most popular examples of this is the 2T model [9]:
Ttr = Tr, Tvib = Te, Ttr 6= Tvib (2.3)
The previous paragraphs explain the relation between particles and the energy
distribution between them. Specifically, when the internal energy of a gas was dis-
tributed equally between modes, and between species for multi-species mixtures, the
gas was in thermal equilibrium. Additionally, an understanding of chemical equilib-
rium is important to grasp hypersonic flow physics.
Chemical equilibrium refers to the population distribution of individual species
in a multi-species mixture. The flow is in chemical equilibrium when the population
distribution of species is unchanging and the values are determined by statistical
mechanics. When the gas is in both chemical equilibrium and thermal equilibrium,
this work simply describes the flow as in a state of equilibrium.
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2.2 LeMANS: Hypersonic Flow Solver
The numerical simulations presented in this study are partially performed using
the CFD code “Le” Michigan Aerothermodynamic Navier-Stokes Solver (LeMANS),
which was developed at the University of Michigan to simulate hypersonic reacting
flows. LeMANS has been benchmarked by NASA hypersonic CFD codes DPLR and
LAURA and verified and validated for a wide range of hypersonic conditions, such as
Apollo, Fire II, and RAM-C [40,41]. A complete overview of LeMANS can be found
in Ref. [42].
LeMANS is a multi-dimensional, parallel code that solves the Navier-Stokes equa-
tion with second-order spatial accuracy on structured and unstructured computa-
tional grids. Both the Park [9] and Modified Marrone-Treanor (MMT) [43] 2T models
are implemented in LeMANS. Each model is discussed in detail below. LeMANS in-
cludes thermochemical nonequilibrium effects and the flow is modeled assuming that
the continuum approximation is valid. LeMANS couples the Navier-Stokes equations
with thermodynamic and transport property models [40]. LeMANS solves the flow
field by integrating differential equations spatially and temporally. The finite volume
method is implemented to integrate spatially. A modified Steger-Warming flux vec-
tor splitting scheme [44] is implemented to calculate the flux of inviscid components
across cell faces and a central scheme is used for the viscous fluxes [40]. The code is
parallelized using the OpenMPI software library and mesh partitioning is performed




The Navier-Stokes equations are a set of partial differential equations used to
describe the physics of fluid motion that express the conservation of mass, momentum,
and energy. LeMANS solves the compressible Navier-Stokes equations that account
for any number of fluid species as well as thermal and chemical nonequilibrium. The
compressible Navier-Stokes equations are shown in Eq. 2.4 – 2.8. The inviscid and























































2.2.2 Thermodynamic and Transport Properties
Thermodynamic and transport properties also need to be taken into consideration
to understand the CFD code. The species mass diffusion fluxes are modeled using a
modified version of Fick’s law:


















Heat fluxes are modeled according to Fourier’s law for the translational-rotational
and vibrational-electronic energy modes:
qtr = −κtr∇Ttr (2.12)
qve = −κve∇Tve (2.13)
Species thermodynamic data for LeMANS is determined from NASA-9 polynomial














































The species diffusion, viscosity, and thermal conductivity transport properties
are calculated using Wilke’s mixing rule with Blottner’s curve fits for viscosity and
Eucken’s relation for thermal conductivity [47–49].
2.2.3 Nonequilibrium Modeling: Park Two-Temperature
LeMANS is equipped with Park’s 2T model to analyze thermal nonequilibrium [9].
Park’s 2T model is the most popular two-temperature model for air. Some of the most
popular CFD codes designed for hypersonic reacting flows, such as LeMANS, US3D,
DPLR, and LAURA [42,50–52], implement it. LeMANS assumes that the rotational
temperature, Tr, can be represented by Ttr and that the vibrational and electronic
energy modes can be represented by Tvib.
Ttr = Tr (2.16)
Tvib = Te (2.17)
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LeMANS utilizes the Landau-Teller equation, Eq. 2.18, to model vibrational re-
laxation. The relaxation times for gas species are calculated by the standard Millikan-
White expression in Eq. 2.19 with the high temperature correction of Park, where
a and b are determined from experimental measurements [9, 53]. The vibrational















3 − b)− 18.42
]
(2.19)
Chemistry is modeled using rate coefficients expressed in modified Arrhenius form,
as shown in Eq. 2.20, where C and η are defined by the chemical kinetics model. In-
creasing C increases the rate of the particular reaction pushing it closer to equilibrium.
Decreasing C will slow the reaction leaving the gas in a chemically frozen state. Some
reactions are controlled by a combination of Ttr and Tvib, Ta =
√
TtrTvib.






In the computational analyses, the nonequilibrium case uses standard rates in the
chemistry and the vibrational-translational energy transfer equations. For the pur-
poses of this dissertation, the nonequilibrium case is the standard Park model. The
equilibrium case increases the leading coefficient C in Eq. 2.20 by six orders of magni-
tude and assumes vibrational equilibrium, Tvib = Ttr. The frozen flow case decreases
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the leading coefficient by six orders of magnitude and the vibrational relaxation time
is increased by six orders of magnitude.
The vibrational energy change per dissociation is equal to the average vibrational
energy of the gas, which is the standard treatment for the Park model [54]. Recom-
bination rates are computed using the forward reaction rate evaluated at Ttr and





2.2.4 Nonequilibrium Modeling: Modified Marrone-Treanor
The MMT chemical kinetics model has also been implemented into LeMANS.
MMT has been developed recently by Chaudhry et al. [43, 55, 56] using high-quality
quantum chemistry data. A brief summary of the development, form, and implemen-
tation of MMT is described below.
QCT simulations for N2 + N2, N2 + N, N2 + O2, O2 + O2, and O2 + O, using
high-quality ab-initio PESs, were analyzed in aggregate by Chaudhry et al. [55].
These QCT calculations were sampled from Boltzmann distributions described by Ttr
and Tv, and were intended to construct reduced-order models for CFD. The classic
Marrone-Treanor preferential dissociation model [57] was found to almost match the
reaction rates and vibrational energy changes per dissociation, except that it neglects
the effect that rotational energy has on dissociation. A modification was proposed,
called MMT, that was found to accurately fit the data and be consistent with the
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dominant mechanisms of dissociation. The forward reaction rate for this Boltzmann-
based model is defined as,
kf,Boltz (Ttr, Tvib) = karr (Ttr) Z (Ttr, Tvib) (2.22)








Z (Ttr, Tvib) =
Q (Ttr) Q (TF)
Q (Tvib) Q (−U)
(2.24)
in which karr is the modified Arrhenius reaction rate, defined only in terms of Ttr, and
Z is the nonequilibrium correction factor. Q is the approximate vibrational partition
function, and TF and U are pseudotemperatures, defined as,
Q (T ) =
1− exp (−TD/T )































The model parameters are specific to each dissociating molecule and collision partner,
and are shown in Table 2.1.
The previously-described equations were fit to two-temperature Boltzmann QCT
data, but non-Boltzmann distributions, especially of vibrational energy, exist and can
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Table 2.1: Coefficients for the MMT model; A2 is the dissociating molecule and M is
the collision partner.
A2 M C [cm
3s−1K−n] n TD [1000K] θv [K] aU U
∗ [1000K]
N2 N2 5.973e-06 -0.7017 117.5 3411 0.3868 254.6
N2 N 1.327e-06 -0.5625 114.0 3411 0.3668 478.7
N2 O2 8.372e-05 -0.9991 116.9 3415 0.3001 210.3
O2 O2 6.133e-06 -0.7695 60.54 2280 0.3965 57.34
O2 O 1.529e-06 -0.6541 60.55 2280 0.3537 237.3
O2 N2 3.041e-09 -0.02239 59.38 2263 0.3620 385.5
affect quantities of interest for hypersonic flows (see, for example, Refs. [58–60]). As
described by Chaudhry et al. [43], a simple correction factor was found to approx-
imate the effect of non-Boltzmann distributions on quantities of interest for a net-
dissociating gas ensemble. Consequently, both the reaction rate and vibrational en-





〈εvib〉d = 〈εvib〉d,Boltz + α
NB
〈ε〉 D0 (2.30)
A simple constant correction factor of 0.5 was used previously [43], tuned only
to the dynamics of a net-dissociating gas. However, as the gas approaches chemical
equilibrium, or is net-recombining, the quantities of interest do not need correction.
Therefore, the following variable correction factor is implemented for the dissociation
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in which [A] and [A2] are the concentrations of the dissociated and dissociating species,
and Keq is the corresponding equilibrium constant. This correction factor limits to
0.5 when the reaction in question yields mostly dissociation, and 1.0 for chemical
equilibrium or net recombination. For the vibrational energy change per dissociation,
a simpler constant correction factor is used,
αNB〈ε〉 = 0.1 (2.32)
which is based on Chaudhry et al. [43]; a variable correction factor for the vibrational
energy change term is being considered but does not appear to have a significant
effect.
The backward reaction rate coefficient is evaluated using the equilibrium constant
and the forward rate coefficient evaluated using only Ttr. Exchange reactions are
treated using Park rate coefficients [9]. Other details of the MMT model implementa-
tion, including the numerical limiting behavior, implicit time stepping, and treatment
of other reactions, are described in the implementation-specific papers [43,56].
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2.3 Dakota: Toolkit for Sensitivity Analysis
The sensitivity analysis in Chapter 5 of this dissertation is performed using Dakota,
developed at Sandia National Laboratory. Dakota provides a flexible and extensible
interface between simulation codes like LeMANS and iterative analysis methods [64].
Dakota contains algorithms for a wide variety of situations, including sensitivity anal-
ysis, that would otherwise be complicated or time consuming to implement into CFD
codes like LeMANS itself. For the purposes of this dissertation, Dakota works by
reading user specified inputs that it communicates to LeMANS. After a LeMANS
simulation is complete, Dakota saves quantities of interest and begins to execute its
next run of LeMANS based on user inputs and LeMANS outputs. A diagram of how
Dakota is wrapped around LeMANS is shown in Fig. 2.1.
Figure 2.1: Dakota algorithm.
In general, Dakota offers three different strategies to conduct a sensitivity analysis:
parameter methods, random-sampling methods, and stochastic expansion methods.
The most simple strategy of sensitivity analysis is the parameter method. Parameter
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methods simply change the inputs defined by the user for each CFD simulation. The
quantities of interest are then saved and the next CFD simulation begins. Parameter
methods are computationally inexpensive but leave a lot of responsibility on the user
to recognize sensitive inputs. In other words, it can be challenging to find sensitive
inputs that effect the quantities of interest. The most common strategy to estimate
sensitivity is to randomly sample the sensitive input. Example of these methods
include Monte Carlo, quasi-Monte Carlo, and Latin Hypercube Sampling. Random-
sampling methods are simple to implement and converge at the same rate, regardless
of the number of input variables. However, random-sampling methods converge at
low rates and are computationally expensive to run. Lastly, stochastic expansion
methods, such as polynomial chaos expansion (PCE) introduced by Wiener [65], use
high-order polynomial approximations to generate a mapping between the sensitive
input parameters and a quantity of interest (QoI). The convergence rate is much
higher for these methods when the quantities of interest are a smooth function of the
inputs. However, the scaling between evaluations and number of input parameters
is not ideal as it becomes computationally too demanding to reach the convergence
domain, as shown by Crestaux et al. [66]. For these situations, sampling methods
are more attractive. Examples of PCE applied to hypersonic flow can be found in
Refs. [37, 38].
In the current work, Sobol indices are used to measure input-variable sensitivities.
Sobol indices are a form of global sensitivity analysis. Sobol indices are calculated by
measuring the variance of the QoI across all inputs and then apportioned to each of
the input parameters [37]. Therefore, this method of sensitivity analysis is attractive
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because it can measure sensitivity across the whole input space, deal with nonlinear
responses, and can measure the effect of interactions in non-additive systems. Index
values close to 1 indicate that the input dominates the effects of the others. Index
values near zero indicate that the QoI is insensitive to the input. For example, consider
the relationship between lift and freestream velocity, freestream density, coefficient of
lift, and area is unknown. In this example, the inputs are Cl, the coefficient of lift, U ,
the freestream velocity, and A, the surface area, and L, lift, is the QoI. A sensitivity
study on lift would produce a higher Sobol index value for U than for Cl and A,
because of the squared term in Eq. 2.33, indicating that the freestream velocity is





As a result of the PCE method providing a mapping between the input parame-
ters and QoI, the Sobol indices can be calculated analytically and automatically by
Dakota. Additionally, the current work investigates a low number of inputs. There-
fore, the PCE method is utilized to conduct the sensitivity analysis. Sobol indices
can also be estimated with random-sampling methods, but they require many more
function evaluations and provide only approximate results. In most uses of sensitivity
analysis, approximate results are sufficient [37].
Polynomial chaos expansion is a general framework for the approximate represen-
tation of random response functions in terms of finite-dimensional series expansions






where αi is a deterministic coefficient, Ψi is a multidimensional orthogonal polynomial
and ξ is a vector of standardized random variables. The extended method is used as
the basis for polynomial expansion, which is the default for Dakota. An important
distinguishing feature of the PCE methodology is that the functional relationship
between random inputs and outputs is captured, not merely the output statistics as
in the case of many nondeterministic methodologies [64].
2.4 Chapter Summary
This chapter lays a foundation that will be referenced throughout this disserta-
tion. Specifically, a brief overview of the underlying physics involved in hypersonic
nonequilibrium flows was provided. This included a discussion on thermal and chem-
ical equilibrium. An in depth discussion on the CFD code LeMANS utilized through-
out this study was also provided. Generally, LeMANS is a hypersonic Navier-Stokes
solver that utilizes models to account for both thermal and chemical nonequilibrium.
Finally, an overview of the Dakota toolkit used to conduct the sensitivity analysis on
the chemistry model was discussed. Specifically, an explanation of the utilized PCE
method and Sobol indices was provided.
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CHAPTER 3
Double-Cone Part I: A LENS-I Study
The influence of different assumptions for thermochemistry modeling in hypersonic
flow over a double-cone geometry is investigated in the following chapter. A CFD
analysis is used to study the double-cone in three different thermochemical cases:
nonequilibrium flow, equilibrium flow, and frozen flow for four different mixtures of
nitrogen and oxygen. Specific areas of interest include the thermochemistry model
effects on the flow field and surface properties.
3.1 Introduction
One of the most important aspects of hypersonic aerothermodynamics is how the
thermochemistry affects the surface properties. Flow with extreme temperatures of
several thousand Kelvin is produced around hypersonic vehicles. These extreme tem-
peratures lead to complex physical processes such as activation of internal energy
modes and chemical reactions. These processes along with the shock wave interac-
tion with the boundary-layer significantly affect the aerothermodynamic properties
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of the gas, such as pressure and temperature. Therefore, it is important that these
interactions can be predicted with physical accuracy and numerical efficiency.
A simple geometry that creates shock wave boundary layer interaction and in-
cludes nonequilibrium effects is the double-cone, shown in Fig. 3.1. The double-cone
has been studied extensively throughout the past two decades [36,67–73]. In order to
assess the accuracy of nonequilibrium models in predicting aerothermodynamic loads
in hypersonic flight, this study specifically focuses on hypersonic shock wave lami-
nar boundary layer interactions. Though the hypersonic shock wave boundary layer
interactions in transitional and turbulent flows are important, the laminar bound-
ary layer restriction allows for a straight-forward assessment of the nonequilibrium
thermochemistry models without the added complexity and cost of modeling the
transitional and turbulent boundary layers [67].
Figure 3.1: Double-cone geometry [27].
In order to determine the sensitivity of the flow and surface properties to ther-
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mochemistry modeling, several different double-cone cases are studied. Each case
consists of different mixtures of nitrogen and oxygen with different freestream prop-
erties.
This chapter will explain the experimental test facility, the numerical approach
used, describe each test case condition, examine the resulting flow properties for each
thermochemistry model, discuss any differences in surface properties and experimental
results, and study the extent of nonequilibrium in each case. The chapter will end
with conclusions based on trends observed.
3.2 Experimental Test Facility
A set of widely used double-cone experiments for code validation was conducted
at CUBRC facility [74]. CUBRC consists of two facilities that are of importance
to this dissertation, the LENS-I facility and the LENS-XX facility. An overview of
the complete capabilites of CUBRC is shown in Fig. 3.2. A picture of the LENS-
XX expansion tunnel is shown in Fig. 3.3. This chapter will focus on the CUBRC
experiments conducted at the LENS-I facility. The double-cone experimental flow
field consists of an attached shock at the leading edge of the first cone and a detached
shock generated downstream by the second cone. This shock-shock interaction causes
a separation in the boundary layer. The separated shock then interacts with the rear
shock to form a triple point. The flow field structure is shown in Fig. 3.4. The
instrumentation for the double-cone experiments incorporate high-frequency pressure
gauges required to accurately follow the flow establishment of the separated interac-
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tion region at the junction between the first and second cone in the approximately
1 ms run time [75]. Heating levels were measured with coated thin-film gauges and
coaxial thermocouples [27].
Figure 3.2: Capability Map of CUBRC Facilities to Duplicate Freestream Conditions
in Air [76].
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Figure 3.3: LENS-XX Large-Scale Expansion Tunnel at CUBRC [76].
Figure 3.4: Double-cone flow field structure.
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3.3 Numerical Approach
The numerical simulations utilized in this chapter are performed using the CFD
code LeMANS, which was developed at the University of Michigan to simulate hyper-
sonic reacting flows [40]. A complete overview of LeMANS can be found in Ref. [42]
or Chapter 2.2 of this dissertation.
The thermochemical model used in this study utilizes Millikan-White with the
high-temperature corrections of Park to model vibrational relaxation time and cap-
tures thermochemical nonequilibrium effects by means of Park’s 2T model. In the
computational analyses, the nonequilibrium, equilibrium, and frozen models discussed
in Section 2.2 are utilized. For the purposes of this chapter, the nonequilibrium case
is the standard Park model.
In the current chapter, an isothermal or radiative equilibrium (RE) wall condition
is employed. The radiative wall condition is accomplished by setting the radiative flux
equal to the convective heating crossing the wall to solve for surface temperatures.
The wall is also non catalytic.
3.4 Test Case Descriptions
Each double-cone case and the freestream conditions considered in this study
are shown in Tables 3.1 and 3.2 [77, 78]. The experiments for each of these cases
were conducted at CUBRC’s LENS-I facility [74]. Run 90 is studied to determine if
thermochemistry modeling is significant for oxygen at low enthalpy. Run 88 is chosen
to study the significance of modeling thermochemistry in a high enthalpy oxygen case.
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Run 46 is studied to determine if nitrogen is sensitive to thermochemistry models at
high enthalpy. A low enthalpy nitrogen case, Run 86, was also studied, but the results
did not show sensitivity to thermochemistry and was, therefore, omitted from this
dissertation. Run 43 is an air case at high enthalpy. Each case is also chosen for
their good agreement between experimental results and past nonequilibrium models;
reasonable agreement on the front cone indicates that the data is valid. The geometry
specifications of the double-cone are shown in Fig. 3.5 and consists of a 25° first cone
and a 55°second cone. The computational grid consists of approximately 320,000 cells
with 636 cells along the wall and is shown in Fig. 3.6. The grid convergence study
consisted of a coarse grid, approximately 160,000 cells, and a fine grid, approximately
600,000 cells. This is accomplished by multiplying and dividing the number of grid
points by two using the meshing software, Pointwise. A root mean square (RMS)
study between the surface pressure and surface heat transfer for each grid produced a
max percent difference of 1.0% and 1.2%, respectively. The grid is also axisymmetric
to save computational cost. Due to the short run time of the experiments, each case
is modeled as an isothermal wall to better match the CUBRC results. However, such
conditions are not representative of actual flight, so Run 90 is also modeled using the
radiative equilibrium wall boundary condition to assess any sensitivity on the surface
properties and sensitivity to thermochemistry modeling.
To determine if the isothermal wall model is appropriate, a heat transfer analysis is
performed using the material response code MOPAR-MD in Ref. [73]. MOPAR-MD
was developed at the University of Michigan and was built upon by several researchers
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Figure 3.5: Double-cone model (dimensions in inches [mm]).
Figure 3.6: Double-cone grid.
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Table 3.1: LENS-I double-cone freestream properties [77,78].
Run: Mach h0 ρ∞ T∞ Tv∞ Twall
(MJ/kg) (g/m3) (K) (K) (K)
90* 10.37 3.99 1.8342 190.1 1001 300
88 8.2 8.78 1.0613 569.8 697.6 300
46 11.54 8.4 1.958 281.7 3072 296.3
43 8.87 10.2 2.134 576 576 296.2
*Run 90 is also simulated with the RE wall condition
Table 3.2: LENS-I double-cone freestream composition in terms of species mass-
fractions [77,78].
Run: N2 N O2 O NO
90 0.00 0.00 0.9986 0.0014 0.00
88 0.00 0.00 0.9482 0.0518 0.00
46 0.9984 0.0016 0.00 0.00 0.00
43 0.737 0.00 0.1716 0.0266 0.0648
[79–82]. In this material response code, a first-order implicit time integration scheme
is utilized alongside a second-order spatial discretization scheme on an unstructured
grid. The energy equations are solved within each time step by means of the Newton-
Raphson method. A complete overview of MOPAR can be found in [83]. The analysis
is conducted for the approximate experimental run time of 0.2 ms. This analysis
indicated almost no increase in surface temperature, much less than 1 K. Therefore,
it must be concluded that the isothermal wall model is appropriate for the double-cone




Pressure contours from the nonequilibrium and equilibrium solutions for the isother-
mal wall Run 90 case are shown in Fig. 3.7. Each case demonstrates steady flow
results. These pressure contours are representative of the other nonequilibrium and
equilibrium Runs. For each Run, as illustrated in Fig. 3.7, the equilibrium cases
produce lesser shock angles.
The pressure contours for the frozen flow Run 90 isothermal wall case are shown
in Fig. 3.8(a) at 102,000 iterations. This case produces unsteady flow, as shown by
the time variation in surface pressure, illustrated in Fig. 3.8(b). This phenomena
is not uncommon and is illustrated in Refs. [36, 72, 73]. Each case that produces
unsteady flow are cyclical. For the Run 90 frozen simulation, the cyclical nature lasts
about every 2,000 iterations, or every 0.5 ms. When compared to the nonequilibrium
solution in Fig. 3.7, the frozen case shows larger shock angles. These stronger shock
angles are due to molecules holding more thermal energy, thus, increasing the ratio
of specific heats. The stronger shocks also produce adverse pressure gradients that
lead to earlier points of flow separation.
3.5.2 Surface Properties
The effects that each thermochemistry modeling approach has on the surface of
the double-cone, in terms of pressure and heat transfer, are discussed below. The un-
steady flow cases use time-averaged results. The experimental results were produced
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(a) Pressure contours (Run 90 nonequilibrium)
(b) Pressure contours (Run 90 equilibrium)
Figure 3.7: Double-cone nonequilibrium and equilibrium pressure contours.
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(a) Pressure contours at 102,000 iterations
(b) Surface pressure at different time steps
Figure 3.8: Double-cone results for the frozen flow case (Run 90).
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at CUBRC [74]. An in-depth evaluation of the resulting drag and heating rate is also
discussed.
Each case was, in part, chosen for their agreement with prior CFD analysis. An
example of this comparison is shown in Fig. 3.9 for the Run 1 test case [75]. The
results in Fig. 3.9 are compared to prior analysis by Nompelis et al [84]. An RMS
comparison between the two simulations show a difference of 3.9% in surface pressure
and a 2.1% difference in surface heat transfer. Similar levels of agreement are ob-
tained between LeMANS and the solutions of Nompelis et al [77, 78, 84] for all cases
considered in this dissertation.
Run 90 is a low enthalpy oxygen case. The surface properties are shown in Fig.
3.10 for the isothermal wall condition and Fig. 3.11 for the RE wall condition. The
frozen solution is unsteady for the isothermal wall conditions and steady for the RE
wall condition. The results show that there are clear differences between the three
thermochemistry approaches. The radiative wall condition also produces differences
when thermochemistry modeling is varied. While the radiative wall condition slightly
affects surface pressure, it significantly reduced surface heat transfer by as much as
55%. The separation location is also affected. These differences suggest that the
specific approach taken to modeling thermochemistry is important for low enthalpy
oxygen flows. Further, the use of a cold wall in the experiments has a significant
effect on heat transfer in comparison to a more realistic heated wall condition.
Run 88 is a high enthalpy oxygen case. The surface properties are shown in
Fig. 3.12. The frozen solution is steady. The nonequilibrium results match the
measurements well on the front cone. The results show that the nonequilibrium and
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(a) Run 1 surface pressure
(b) Run 1 surface heat transfer
Figure 3.9: Run 1 comparison with past CFD analysis [84].
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equilibrium solutions are similar, however, these two cases are much different than
the frozen case simulation. Fig. 3.12(b) also shows that the equilibrium solution best
matches the peak heat transfer value. These results suggest that thermochemistry
modeling is necessary in a high enthalpy, frozen oxygen flow situation.
Run 46 is a high enthalpy nitrogen case. The surface properties are shown in
Fig. 3.13. The nonequilibrium results also show some agreement with the experi-
mental data on the front cone. The thermochemistry models show poor agreement
with the experimental results. The frozen case is again unsteady and the results are
time-averaged. The results produced by LeMANS show clear differences between the
equilibrium, nonequilibrium and frozen cases, and the nonequilibrium case does not
agree with the measurements. These results indicate that this high enthalpy nitro-
gen flow is a particularly good test case for assessment of detailed thermochemistry
models.
Run 43 is a high enthalpy air case. The surface properties are shown in Fig.
3.14. The frozen solution is again unsteady and the results are time-averaged. While
the equilibrium and nonequilibrium results appear similar, the equilibrium solution
shows a higher spike in pressure and heat transfer in the separated flow region. How-
ever, these two solutions differ greatly from the frozen case indicating that this high
enthalpy air flow is a particularly interesting case for showcasing the assessment of
detailed thermochemistry models.
Each double-cone case displays similar physical phenomena, like the trends dis-
cussed between Figs. 3.7 and 3.8. Every simulation shows that separation occurs
earliest for the frozen simulation and is postponed when the flow is pushed towards
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an equilibrium state. This is due to the frozen simulation holding more thermal




Figure 3.10: Run 90 surface properties.
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(a) Pressure RE
(b) Heat Transfer RE
Figure 3.11: Run 90 surface properties with the RE wall condition.
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(a) Surface pressure
(b) Surface heat transfer
Figure 3.12: Run 88 surface properties.
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(a) Surface pressure
(b) Surface heat transfer
Figure 3.13: Run 46 surface properties.
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(a) Surface pressure
(b) Surface heat transfer
Figure 3.14: Run 43 surface properties.
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The location of the onset of separation for each case is shown in Table 3.3. The
table shows that the separation point occurs earliest for the frozen solutions and
latest for the equilibrium solutions. The difference in separation point location is a
few centimeters. The validation in the location of separation points shows sensitivity
to the thermochemistry modeling.
The CUBRC separation points were determined by averaging the data point before
the pressure rise and the data point where a pressure rise is first seen. There are
significant differences in the separation points computed with the nonequilibrium
approach and the CUBRC experiments, except for Run 90.
Table 3.3: Axial location of separation (m)
Run: Nonequilibrium Equilibrium Frozen CUBRC
90 0.058 0.067 0.023
0.058
90 (RE Wall) 0.050 0.060 0.021
88 0.075 0.080 0.033 0.066
46 0.054 0.064 0.021 0.048
43 0.073 0.080 0.036 0.066
3.5.3 Aerothermodynamic Loading
The resulting pressure and shear stress values along the double-cone surface are
integrated over the surface area to calculate the total drag, shown in Table 3.4. The
percent differences are calculated using Eq. 3.1. For all five cases, the percentage
difference in drag between the equilibrium and nonequilibrium solutions is less than
2% suggesting that the details of thermochemistry modeling are relatively unimpor-
tant for this parameter. Frozen thermochemistry significantly over predicts drag in
comparison to the nonequilibrium thermochemistry approach. For the Run 90 case,
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use of the radiative equilibrium wall has no effect on drag with equilibrium thermo-







Table 3.4: Total drag (N)
Run: Nonequilibrium Equilibrium Frozen
% Difference % Difference
Noneq./Eq. Noneq./Frozen
90 526 524 508 -0.48 -3.52
90 (RE) 525 522 489 -0.48 -7.09
88 597 597 623 0.10 4.26
46 1170 1160 1154 -1.15 -1.68
43 1430 1430 1451 0.43 1.37
The resulting surface heat transfer values are integrated over the surface area to
calculate the total heating rate for each case, shown in Table 3.5. Run 90 shows
large percent differences in the heating rate, especially between the nonequilibrium
and frozen cases. The percent difference between the nonequilibrium and equilib-
rium case almost doubles when the RE wall condition is applied while the frozen case
remains relatively unchanged. Run 88 shows the most extreme changes in heating
rate when the thermochemistry models are altered. Run 46 also shows significant
differences in heating rate when the thermochemistry models are altered. Run 43
shows large differences between nonequilibrium and equilibrium flow when compared
to the frozen solution. Run 43 also shows a significant increase between the nonequi-
librium and equilibrium solution. Run 43 is especially interesting when Table 3.5 is
compared to Fig. 3.14(b). Though the nonequilibrium and frozen surface properties
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look dramatically different, when integrated the total heating rate is only slightly al-
tered. These results show that thermochemistry models have a very significant effect
on heating rate for high and low enthalpy oxygen flows, high enthalpy nitrogen flows,
and high enthalpy air flows. Most importantly, these results stress the importance
of carefully considering thermochemistry models when dealing with all high enthalpy
freestream properties. Tables 3.4 - 3.5 also indicates that heating rate is much more
sensitive to thermochemical modeling than drag.
Table 3.5: Heating rate (kW)
Run: Nonequilibrium Equilibrium Frozen
% Difference % Difference
Noneq./Eq. Noneq./Frozen
90 29.2 31.2 21.6 6.62 -29.9
90 (RE) 18.0 20.3 13.3 12.0 -30.0
88 67.2 88.1 55.7 27.0 -18.7
46 91.4 95.2 82.6 4.07 -10.1
43 118 147 116 21.5 -2.31
The CUBRC pressure data are integrated over the surface area to calculate pres-
sure drag for each case and compared to the CFD results, shown in Table 3.6. The
CFD results are integrated over the exact same area, between the first and last pres-
sure port. It is important to note that the integrated experimental measurements is
an approximation based off the number of experimental ports. The radiative equi-
librium wall condition is omitted because it does not represent a condition studied
experimentally. Runs 90 and 43 show relatively low differences, less than 10%, be-
tween the experimental results and the different chemistry models. Runs 88 and 46
show larger differences, greater than 10%, between experimental results and the dif-
ferent chemistry models. Despite Runs 90 and 43 showing lower percent differences,
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Table 3.6 shows clear differences for each thermochemistry model. The larger percent
differences also correlate with the surface plots that show the largest differences.
Table 3.6: Experimental pressure drag compared to simulations (kPa)
Run: Noneq. Eq. Frz. CUBRC
%Difference %Difference %Difference
CUBRC/Noneq. CUBRC/Eq. CUBRC/Frz.
90 513 510 500 474 7.90 7.32 5.34
88 577 576 610 517 11.0 10.8 16.5
46 1150 1140 1130 1370 -17.5 -18.3 -19.2
43 1400 1400 1430 1330 5.13 5.13 7.25
The experimental heat transfer values are integrated over the surface area to de-
termine the experimental heating rate and compared to the CFD results, shown in
Table 3.7. The CFD values are integrated over the exact same area. Again, the inte-
grated experimental data is an approximation based off the number of experimental
ports. The radiative equilibrium wall condition is also omitted from this study. In
each case, the frozen solution shows the largest percent difference when compared
to experiments. Run 90 shows the lowest, though significant, percent differences in
partial heating rate values. Run 88 also shows significant differences between ex-
periments and CFD solutions. Run 46 shows the most extreme differences between
experiments and CFD solutions, with differences upwards of 55%. Run 43 also shows
extreme differences between experiments and CFD results. Not unlike Tables 3.4-3.5,
the percent differences in Table 3.7 are much larger when compared to Table 3.6,
indicating that heating rate is much more significant than drag. These results show
that thermochemistry models have a very significant effect on heating rate for high
and low oxygen flows, high enthalpy nitrogen flows, and high enthalpy air flows.
It is significant that while the three chemistry models bound the experimentally
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Table 3.7: Experimental heating rate compared to simulations (kW)
Run: Noneq. Eq. Frz. CUBRC
%Difference %Difference %Difference
CUBRC/Noneq. CUBRC/Eq. CUBRC/Frz.
90 28.6 28.6 21.0 31.1 -8.38 -8.38 -38.8
88 65.8 86.5 54.3 78.7 -17.9 9.44 -36.7
46 89.6 93.5 81.0 144 -46.6 -42.5 -56.0
43 116 144 113 169 -37.2 -16.0 -39.7
measured separation regions, they do not do so for the integrated pressure drag and
heating rate. All three chemistry models consistently over predict or under predict
the heating rate, while each model besides Run 88 consistently over or under predict
the pressure drag. This failure to bound the measurements strongly suggests a basic
inconsistency between the experiments and the simulations that is most likely related
to inaccurate and/or incomplete characterization of the freestream in the experi-
ments. Additional inconsistencies have been deduced in sensitivity analysis reported
by Kieweg et al. and Ray et al. [37] [38].
3.5.4 Extent of Nonequilibrium
With a goal of trying to better understand the differences between the simula-
tions and the experiments, the extent of thermal and chemical nonequilibrium, is
characterized for Runs 46, 88, 90, and 90 RE. The extent of thermal nonequilibrium
is characterized by the temperature ratio Ttr/Tv. The extent of chemical nonequi-
librium is characterized by the density ratio between equilibrium chemistry and that
calculated by LeMANS under the nonequilibrium thermochemistry approach. The
equilibrium chemistry value is calculated using the Law of Mass Action, Eq. 3.2, in
which α∗ is the degree of dissociation which is equal to the atomic mass fraction [39].
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Table 3.8: Values for Eq. 3.2 [39]






O2 59500 2.08 2280 9 3
N2 113000 2.9 3390 4 1
For simplicity, the extent of nonequilibrium is evaluated only for the pure oxygen
and pure nitrogen cases. The extent of thermal nonequilibrium is shown in Figs. 3.15
and 3.16. Each Run shows significant amounts of thermal nonequilibrium even in the
freestream. For Run 90, Fig. 3.15, the two sets of contours are similar indicating
weak dependence on the specific wall surface model. Here, the total region of thermal
nonequilibrium is the largest and this correlates with the largest differences in heating
rates predicted by the frozen and nonequilibrium flow models. The contours for Run
88, Fig. 3.16(a), show the highest levels of nonequilibrium temperature ratio and
this is the condition with the widest range of heating rate values. In Run 46, Fig.
3.16(b), the temperature ratio remains less than one on the first cone but then displays
similar trends to Run 90 on the second cone. There is no obvious correlation with
the fact that Run 46 has relatively low variation in heating rate between the three
thermochemistry approaches.
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(a) Run 90 (nonequilibrium)
(b) Run 90 RE wall (nonequilibrium)
Figure 3.15: Extent of thermal nonequilibrium for Run 90.
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(a) Run 88 (nonequilibrium)
(b) Run 46 (nonequilibrium)
Figure 3.16: Extent of thermal nonequilibrium for Run 88 and 46.
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The extent of chemical nonequilibrium is shown in Figs. 3.17 and 3.18. Runs 90
and 46, Figs. 3.17(a), 3.17(b), and 3.18(b), display significant regions of chemical
nonequilibrium behind the second detached shock, but in each case equilibrium is
recovered at the cone surfaces. This suggests that chemical nonequilibrium plays a
minor role in the surface properties for these cases. Run 88, Fig. 3.18(a), has the
strongest degree of chemical nonequilibrium and it is maintained all the way to the
surface. This is the case that also has the widest spread in heating rate between the
different thermochemistry models.
Overall, the analysis of thermal and chemical nonequilibrium provides a conclusion
that is not unexpected: the conditions of Run 88, for which there is the greatest
variation in surface properties for the three different modeling approaches, is the one
with the highest enthalpy and, because it is also a pure oxygen flow, the highest
level of thermochemical activity. However, it is worth noting that Run 46 in nitrogen
has a similar enthalpy to Run 88, but significantly less thermochemical activity and
clearly reduced variation in heating rate with thermochemical model. With a 50%
difference in vibrational energy spacing between nitrogen and oxygen, and an almost
100% difference in chemical bond strength, it is clear that any general evaluation of
the role of the importance of thermochemistry modeling must account for the specific
thermochemical properties of the gas involved.
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(a) Run 90 (nonequilibrium)
(b) Run 90 RE wall (nonequilibrium)
Figure 3.17: Extent of chemical nonequilibrium for Run 90.
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(a) Run 88 (nonequilibrium)
(b) Run 46 (nonequilibrium)
Figure 3.18: Extent of chemical nonequilibrium for Runs 88 and 46.
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3.6 Chapter Summary
The influence of different assumptions for thermochemistry modeling in hyper-
sonic flow over a double-cone was investigated. The thermochemical model used in
this study utilizes Millikan-White with the high-temperature corrections of Park to
model vibrational relaxation time and captures thermochemical nonequilibrium ef-
fects by means of the 2T model. These results showed that the flow properties of
frozen thermochemistry models have greater translational temperatures while equi-
librium models have the lowest. The possibility of unsteady flow is also observed in
some frozen cases. The surface property analysis demonstrated a delay in flow sepa-
ration when the thermochemistry model moved closer to equilibrium. It also showed
the significant sensitivity to thermochemistry modeling for all high enthalpy cases
and low enthalpy oxygen cases. In general, the drag analysis showed that similar re-
sults were obtained with the nonequilibrium and equilibrium approaches while frozen
thermochemistry produced larger differences. The heating rate analysis demonstrated
significant differences between the equilibrium, nonequilibrium, and frozen thermo-
chemistry models and that high enthalpy oxygen cases are especially sensitive. Lastly,
the extent of nonequilibrium study gives the impression that thermal nonequilibrium
is more sensitive than chemical nonequilibrium. It also suggests that the extent of
nonequilibrium is proportional to the freestream enthalpy and that the wall model
has no effect on the amount of nonequilibrium in the flow field.
These results indicate that some of the double-cone cases investigated at CUBRC
are much more sensitive to the details of thermochemistry than others. For example,
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high enthalpy oxygen flow appears to be the most sensitive of the cases considered. In
addition, sensitivity to thermochemistry varies across different aspects of the flows.
While the total drag is relatively insensitive to thermochemistry, the separation point
is more sensitive, and the total heating rate showed variations of up to ± 30% between
the different thermochemistry models.
All three chemistry models consistently over predict or under predict pressure
drag and heating rate in comparison to the experimental data for almost all cases
examined. These trends indicate a basic difference between the actual experiments
and the simulations. Due to the inconsistencies in the trends observed, it must be
concluded that the double-cone experiments examined are limited in their practicality
for validation of the thermochemistry models utilized in this study.
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CHAPTER 4
Double-Cone Part II: A LENS-XX Study
The effect of thermochemical kinetics modeling on hypersonic flow over a double-
cone geometry is investigated in the following chapter. The double-cone is simu-
lated using three different approaches based on the Park thermochemistry model:
nonequilibrium flow, equilibrium flow, and frozen flow for 5-species air at four differ-
ent freestream conditions. A comparison of Park and MMT thermochemistry models
is also made. The effects of the different thermochemical models on the flow field and
surface properties are specific areas of interest. The resulting aerothermodynamic
loads are compared to experiments performed in the CUBRC LENS-XX facility.
4.1 Introduction
The motivation for this chapter is much like Chapter 3, to study the effects of
thermochemistry modeling for hypersonic flow. This chapter also studies the double-
cone, but differs from Chapter 3 in that it investigates experiments conducted in
CUBRC’s newer LENS-XX facility. The LENS-XX facility is of interest because it
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has a wide range of relevant hypersonic freestream conditions available, shown in Fig.
3.2. An overview of CUBRC and the double-cone experimental set up and flow field
can be found in Section 3.2.
In order to assess the accuracy of nonequilibrium models in predicting aerother-
modynamic loads in hypersonic flight, this study specifically focuses on hypersonic
shock wave laminar boundary layer interactions. Though the hypersonic shock wave
boundary layer interactions in transitional and turbulent flows are important, the
laminar boundary layer restriction allows for a more straight-forward assessment of
the nonequilibrium models without the added complexity and cost of modeling the
transitional and turbulent boundary layers.
In order to determine the sensitivity of the flow and surface properties to ther-
mochemistry modeling, several different double-cone cases are studied. Each case
consists of 5-species air mixtures at different freestream conditions.
The current chapter focuses on assessment of the models when applied to con-
ditions studied in the CUBRC LENS-XX facility. Chapter 3 studied the effects of
Park 2T thermochemistry modeling on hypersonic flow over a double-cone for the
older CUBRC LENS-I facility. Chapter 3 showcased inconsistencies between CFD
and experimental measurements of surface properties and, therefore, concluded that
the double-cone cases utilized in those studies are limited in their usefulness to vali-
date thermochemistry models. One of the differences between the two LENS facilities
is the amount of nonequilibrium in the freestream. LENS-XX produces a freestream
that is in thermochemical equilibrium whereas LENS-I generates flow that is in both
thermal and chemical nonequilibrium. There should therefore be significantly less
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uncertainty in the freestream conditions for LENS-XX. One objective of the current
chapter is to determine if CFD can better reproduce the measurements made in the
LENS-XX facility, due to a better characterized freestream.
The current chapter will also investigate two different chemical kinetics models.
The two models considered are the older Park 2T model and the newer MMT chemical
kinetics model [8, 43]. The first objective is to study any difference in integrated
surface properties between the two models, such as drag and heating rate. The
second objective is to compare surface properties to determine if Park or MMT can
better reproduce results measured at the CUBRC LENS-XX facility. The Park model
is also altered in order to determine if the LENS-XX double-cone cases are sensitive
to thermochemistry modeling, similar to Chapter 3. The MMT model was recently
developed to take into account rotational energy and was found to be consistent
with the dominant underlying mechanisms of dissociation [43]. The Park and MMT
thermochemistry models are discussed in Section 2.2.
This chapter will begin by explaining each numerical approach used in the study.
Each test case condition is then defined and the importance of thermochemistry
modeling is showcased by examining the resulting flow properties for each Park ther-
mochemistry model. Any sensitivity in surface properties when the Park model is
altered is then discussed. The Park and MMT model are then compared to each




The numerical simulations presented in this study are performed using the CFD
code LeMANS, which was developed at the University of Michigan to simulate hy-
personic reacting flows. A complete overview of LeMANS can be found in Ref. [42]
or Section 2.2 of this dissertation.
The investigation of the importance of thermochemistry modeling is similar to
Chapter 3. The thermochemical model used in this study also utilizes Millikan-
White with the high-temperature corrections of Park to model vibrational relaxation
time and captures thermochemical nonequilibrium effects by means of Park’s 2T
model. This study also considers three different thermochemical regimes using the
Park model: nonequilibrium, equilibrium, and frozen. The current chapter differs
from Chapter 3 in that it also applies the new MMT thermochemistry model. Details
of the Park and MMT models can be found in Section 2.2.
4.3 Test Case Descriptions
Each double-cone case and the freestream conditions generated in the LENS-XX
facility considered in this study are shown in Table 4.1 [75]. These four cases are
chosen to study a wide range of air conditions from relatively low to high enthalpies.
Each case is also chosen for their good agreement between experimental results and
past nonequilibrium models; reasonable agreement on the front cone indicates that
the data and freestream conditions are valid, see Fig. 3.9.
The geometry of the double-cone is shown in Fig. 3.5 and consists of a 25° first
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Table 4.1: LENS-XX freestream properties and composition given in terms of species
mass-fractions [75]
Run: Mach
h0 ρ∞ T∞ Tv∞ Twall N2 O2(MJ/kg) (g/m3) (K) (K) (K)
1 12.2 5.44 0.499 175 175 300 0.765 0.235
2 10.9 9.65 0.984 389 389 300 0.765 0.235
6 11.46 15.23 2.045 573 573 300 0.765 0.235
4 12.82 21.77 0.964 652 652 300 0.765 0.235
cone and a 55° second cone. The computational grid, shown in Fig. 3.6, consists
of approximately 300,000 cells with 636 cells along the wall for which the solutions
have been demonstrated to be independent. The grid convergence study consisted
of a coarse grid, approximately 160,000 cells, and a fine grid, approximately 600,000
cells. An RMS study between the surface pressure and surface heat transfer for each
grid produced a max percent difference of 1.0% and 1.2%, respectively. Due to the
short run time of the experiments, each case is modeled as an isothermal wall for
consistency with the CUBRC results.
4.4 Park Results
The following sections discuss the computational results obtained when the Park
2T model, discussed in Section 2.2, is applied to the CUBRC LENS-XX experiments.
The Park 2T model effects on the flow field and surface properties are specific areas of
interest. The integrated surface properties are compared to the CUBRC experiments.
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4.4.1 Flowfield Results
Pressure contours from the nonequilibrium and equilibrium solutions for Run 6
are shown in Fig. 4.1. Each case demonstrates steady flow results. These pressure
contours are representative of the other nonequilibrium and equilibrium Runs. For
each Run, as illustrated in Fig. 4.1, the equilibrium cases produce smaller shock
angles.
The time-averaged pressure contours for the frozen flow Run 6 case are shown in
Fig. 4.2. This case produces unsteady flow, which is not uncommon and is illustrated
in Refs. [36, 72, 73]. When compared to the nonequilibrium solution in Fig. 3.7,
the frozen case shows greater shock angles. These larger shock angles are due to
vibrational energy increasing the ratio of specific heats. The stronger shocks also
produce adverse pressure gradients that lead to earlier points of flow separation.
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(a) Pressure contours (Run 6 nonequilibrium)
(b) Pressure contours (Run 6 equilibrium)
Figure 4.1: Results for the Nonequilibrium and Equilibrium cases.
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Figure 4.2: Pressure contours for the Run 6 frozen case.
4.4.2 Surface Properties
The effects that each Park thermochemistry modeling approach has on the surface
of the double-cone, in terms of pressure and heat transfer, are discussed below. The
unsteady flow cases use time-averaged results. The experimental results were pro-
duced at the CUBRC LENS-XX facility [75]. An in-depth evaluation of the resulting
drag and heating rate is also discussed.
Each case is, in part, chosen for its agreement with prior CFD analysis. An
example of this comparison is shown in Fig. 3.9 for the Run 1 test case. The results
in Fig. 3.9 are compared to prior analysis by Nompelis et al. [84]. An RMS comparison
between the two simulations shows a difference of 3.9% in surface pressure and a 2.1%
difference in surface heat transfer.
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Run 1 is a low enthalpy air case. The surface properties are shown in Fig. 4.3.
The nonequilibrium pressure calculated by LeMANS shows little agreement with the
experimental values in the separated region. The computational heat transfer slightly
under predicts the experimental heat transfer values on the forward cone, but shows
good agreement with experimental values in the separated flow region. The surface
properties produced by LeMANS shows clear, though small, differences in each ther-
mochemistry model. The results indicate that separation occurs earliest in the frozen
case and latest for the equilibrium case. These solutions also show lower peaks in
pressure and surface heat transfer for the equilibrium case and larger peaks for the
frozen case. The simulations for Run 1 show mixed agreement with the experimental
values and relatively small differences in thermochemistry models. While this case
may not show the most dramatic differences, it is interesting in that the frozen and
nonequilibrium cases are more similar to one another, with the equilibrium solution
showing more significant differences.
Run 2 is a mid-level enthalpy air case. The surface properties are shown in Fig.
4.4. The nonequilibrium solution is again consistent with prior CFD analysis pre-
sented in Ref. [84]. The nonequilibrium pressure values produced by LeMANS shows
fair agreement with the experimental measurements on the forward cone while the
nonequilibrium heat transfer solution slightly under predicts the experimental mea-
surements. Run 2 shows relatively good agreement of the computations with experi-
ments. The surface properties produced by LeMANS shows clear differences between
each thermochemistry model, indicating that this mid-level enthalpy air case is a good
experiment in showcasing the importance of thermochemistry modeling.
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Run 6 is also a mid-level enthalpy air case. The surface properties are shown
in Fig. 4.5. The frozen solution is unsteady and the results are time-averaged. The
nonequilibrium solution is again consistent with Ref. [84]. The nonequilibrium surface
pressure does a reasonable job of capturing the experimental measurements on the
forward cone while poorly capturing the data in the separated flow region. LeMANS,
again, slightly under predicts the surface heat transfer measurements on the forward
cone and poorly captures the data in the separated flow region. Run 6 shows clear
differences in each thermochemistry model, again demonstrating the importance of
thermochemistry modeling.
Run 4 is a high enthalpy air case. The surface properties are shown in Fig. 4.6.
The nonequilibrium solution is again consistent with Ref. [84]. The nonequilibrium
surface pressure produced by LeMANS shows good agreement with experimental
measurements on the front cone and in the separated flow region. However, LeMANS
slightly under predicts surface heat transfer measurements on the forward cone and
little agreement overall with experimental measurements. Run 4 shows clear differ-
ences in each thermochemistry model, making this high enthalpy air simulation an
interesting case in showcasing the importance of thermochemistry modeling.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.3: Run 1 surface properties.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.4: Run 2 surface properties.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.5: Run 6 surface properties.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.6: Run 4 surface properties.
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4.4.3 Aerothermodynamic Loading
The computed pressure and shear stress values along the double-cone surface are
integrated over the surface area to calculate the total drag for each case, shown in
Table 4.2. The percent differences are calculated using Eq. 3.1. For all four cases, the
percentage difference in drag between the equilibrium and nonequilibrium solutions
is less than 2% suggesting that the details of thermochemistry modeling are relatively
unimportant for this parameter. Frozen thermochemistry significantly over predicts
drag in comparison to the nonequilibrium thermochemistry approach, except for Run
6.
Table 4.2: Total Drag (N)
Run: Nonequilibrium Equilibrium Frozen
%Difference %Difference
Noneq./Eq. Noneq./Frozen
1 206 203 210 -1.81 1.59
2 687 688 712 0.145 3.50
6 2280 2300 2290 0.880 0.440
4 1520 1540 1610 1.32 5.92
The computed surface heat transfer values are integrated over the surface area
to calculate the total heating rate for each case, shown in Table 4.3. Run 1 shows
the least change in heating rate values when the thermochemistry models are al-
tered. This is also the case with the most similar surface property values. Run 4
shows largest percent differences in the heating rate, especially between the nonequi-
librium and equilibrium cases. This is also the case with the widest range in surface
properties. Run 6 shows the greatest overall changes in heating rate when the thermo-
chemistry models are altered. Run 2 also shows significant differences in heating rate
between the nonequilibrium and equilibrium solutions while the difference between
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the nonequilibrium and frozen solutions are minimal. These results show that ther-
mochemistry models have a very significant effect on high and low enthalpy air flows.
Tables 4.2 - 4.3 also indicate that heating rate is much more sensitive to thermochem-
ical modeling than drag, which was also concluded in Chapter 3. Further, there is not
usually a monotonic trend in Tables 4.2 - 4.3 when moving from frozen to nonequilib-
rium to equilibrium, which complicates assessment of sensitivity to thermochemistry
modeling.
Table 4.3: Heating Rate (kW)
Run: Nonequilibrium Equilibrium Frozen
%Difference %Difference
Noneq./Eq. Noneq./Frozen
1 25.0 26.0 25.1 3.92 0.399
2 85.8 98.7 86.6 14.1 0.905
6 247 321 258 30.0 4.45
4 285 391 341 37.2 19.7
The CUBRC measurements of pressure are integrated over the surface area to
calculate pressure drag for each case and compared to the CFD results, shown in
Table 4.4. The CFD results are integrated over the exact same area, between the
first and last pressure measurement ports. Runs 2, 4, and 6 show relatively small
differences, less than about 10%, between the experimental results and the different
chemistry models. Run 1 shows the largest differences, greater than about 10%,
between experimental results and the different chemistry models. Regardless of Runs
2, 4 and 6 showing lower percent differences, Table 4.4 shows clear differences between
each thermochemistry model and the CUBRC data. The larger percent differences
also correlate with the cases in which surface profiles that show the largest differences.
The experimental heat transfer values are integrated over the surface area to de-
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Table 4.4: Experimental pressure drag compared to simulations (kPa)
Run: Noneq. Eq. Frz. CUBRC
%Difference %Difference %Difference
Noneq./CUBRC Eq./CUBRC Frz./CUBRC
1 199 194 202 171 15.1 12.6 16.6
2 662 661 689 641 3.22 3.07 7.22
6 2220 2240 2250 2020 9.43 10.3 10.8
4 1470 1480 1560 1410 4.17 4.84 10.1
termine the experimental heating rate and compared to the CFD results, shown in
Table 4.5. The CFD values are integrated over the exact same area as for the mea-
surements. Runs 1 and 2 shows the lowest, though still significant, percent differences
in partial heating rate values. Run 4 shows greatest differences between experiments
and CFD solutions. Run 6 shows the largest range between experiments and CFD
solutions, with differences upwards of 22%. Interestingly, Table 4.5 also shows that
the integrated frozen solutions of Runs 4 and 6 accurately capture the predicted heat-
ing rate, even though the surface profiles do not fit the experimental measurements.
Unlike Tables 4.2-4.3, the percent differences in Table 4.5 are similar when compared
to Table 4.4, indicating that heating rate is as significant as drag when compared to
experimental values. These results show that thermochemistry models have a very
significant effect on heating rate for high and low enthalpy air flows.
Table 4.5: Experimental heating rate compared to simulations (kW)
Run: Noneq. Eq. Frz. CUBRC
%Difference %Difference %Difference
Noneq./CUBRC Eq./CUBRC Frz./CUBRC
1 24.6 25.6 24.7 23.4 5.00 8.98 5.41
2 84.3 97.4 85.1 90.0 6.54 7.90 5.60
6 241 316 253 254 5.25 21.8 0.394
4 279 385 334 335 18.2 13.9 0.299
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4.5 Modified Marrone-Treanor Results
The double-cone cases with MMT thermochemistry results are discussed below
and compared to Park. The test cases are defined above in Table 4.1. The section
below will compare surface properties and integrated surface properties to determine,
one, if there are any differences between the Park and MMT thermochemistry models
for the double-cone, and two, if the MMT thermochemistry model can better re-
produce experimental results measured at the CUBRC LENS-XX facility. The Park
results here are determined by the nonequilibrium case because chemistry rates and
the vibrational relaxation times are unaltered. The flow field results are identical to
Fig. 4.1(a).
4.5.1 Surface Properties
Run 1 is the low enthalpy air case and the results are shown in Fig. 4.7. The
resulting surface properties between Park and MMT thermochemistry are identical.
An RMS study of surface pressure and surface heat transfer show a less than 0.1%
difference each. These results indicate that there are no significant differences between
the models at this low enthalpy and that the MMT thermochemistry model is no
better at reproducing the experimental results than the Park thermochemistry model.
Run 2 is the mid-level enthalpy air case. The results are shown in Fig. 4.8. The
difference in surface properties between Park and MMT thermochemistry is slightly
more prevalent for this case when compared to Run 1, but still minimal. An RMS
study of surface pressure and surface heat transfer show a less than 1% difference
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each. These results indicate there are no significant differences between each model
at this mid-level enthalpy and that the MMT thermochemistry model also fails to
reproduce the experimental results.
Run 6 is also a mid-level enthalpy air case. The results are shown in Fig. 4.9.
The resulting surface pressure for Park is identical to MMT. However, the differences
between surface heat transfer are noteworthy, especially at maximum surface heat
transfer, for this mid-level enthalpy case. An RMS study of surface pressure shows a
less than 1% difference. The RMS difference in surface heat transfer is about 2%, but
has a max percent difference of 8%. These surface plots also suggest that the MMT
thermochemistry model can not reproduce the experimental results.
Run 4 is a high enthalpy air case. The results are shown in Fig. 4.10. The
differences between the Park and MMT surface properties are minimal, but still
greater than Runs 1 and 2. An RMS study of surface pressure shows a less than 1%
difference. While the RMS difference in surface heat transfer is about 2%, similar to
Run 6, the max percent difference is only 3%. These surface plots also indicate that
the MMT model fails to reproduce the experimental results.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.7: Run 1 comparison of Park and MMT.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.8: Run 2 comparison of Park and MMT.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.9: Run 6 comparison of Park and MMT.
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.10: Run 4 comparison of Park and MMT.
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4.5.2 Aerothermodynamic Loading
The integrated surface properties are shown in Tables 4.6-4.7. The integrated
values are calculated in the same way as for Tables 4.2-4.3. These tables confirm that
the differences in surface properties between the two thermochemistry models are
minimal, generally less than 1%. However, Run 6 shows the largest percent difference
when comparing surface heat transfer indicating that this mid-level enthalpy case is
more sensitive. Run 2 also shows a larger percent difference in surface pressure than
surface heat transfer, but these values are still minimal.
Table 4.6: Comparison of total drag (N) between Park and MMT
Run Park MMT % Difference
1 206.6 206.6 -0.01
2 687.4 695.9 1.22
6 2280 2277 -0.12
4 1522 1520 -0.14
Table 4.7: Comparison of heating rate (kW) between Park and MMT
Run Park MMT % Difference
1 25.00 25.06 0.24
2 85.77 86.15 0.44
6 246.7 257.2 4.16
4 285.3 289.5 1.46
The small differences in pressure when compared to surface heat transfer are un-
surprising. The main differences between the Park and MMT models concerns the
rate at which air molecules are dissociating and recombining. Molecular dissociation
and recombination involves the absorption and release of energy in the form of heat,
which can then be transfered to the surface. Therefore, the differences between the
Park and MMT thermochemistry models are more likely to occur in terms of sur-
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face heat transfer than surface pressure. However, results from Chaudhry et al. [56]
illustrate larger differences in surface heat transfer than those shown here with the
double-cone, see Fig. 4.11. The current work utilizes the MMT-VNB model shown in
Fig. 4.11. These differences might arise from the differing geometries. Significantly,
Chaudhry et al. explain that the major contribution to the differences in the two
models has to do with the freestream conditions, or more specifically, their corre-
sponding altitude. This is because altitude is directly related to freestream density
which is directly related to collision rate. Chaudhry et al. demonstrate that major
differences between the two models occur at altitudes between 35-45 km, which corre-
sponds to a freestream density that is a factor of 16 higher (or an altitude that is 5-10
km lower) than the LENS-XX double-cone cases above. This is also suggested in Fig.
4.9 and Table 4.7 where the double-cone case with the highest freestream density,
Run 6, shows the largest difference in surface heat transfer predicted by the Park and
MMT models. To further investigate this claim, a double-cone case with a freestream
density corresponding to an altitude of 45 kilometers, consistent with Chaudhry et al.,
is analyzed and the results are shown in Fig. 4.12. Unsurprisingly, the differences in
surface pressure are minimal. An RMS study of the surface pressure and surface heat
transfer show a difference of less than 1% in each case. However, the differences in
surface heat transfer now become more apparent with local differences reaching 65%
in the separation region, illustrating that the double cone’s sensitivity to the chemical
kinetics model is dependent on the freestream density. This is due to the increase
in collision rate which is related to the increase in freestream density. The increase
in collision rate leads to more chemical reactions taking place in the flow. However,
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the increase in density is not so much to put the flow in an equilibrium state. The
increase in chemical reactions in this region was found to be recombination dominate
by Chaudhry et al. [56]. The recombination of air species produces energy in the
form of heat. Therefore, it is unsurprising that increasing the freestream density of
the double-cone produced larger differences in surface heat transfer between the Park
and MMT thermochemistry models.
Figure 4.11: Relative heat flux difference vs MMT-NB [56].
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(a) Surface pressure
(b) Surface heat transfer
Figure 4.12: Comparison of Park and MMT for a double-cone at 45 km.
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4.6 Chapter Summary
The influence of different assumptions for thermochemistry modeling using the
Park 2T model in hypersonic air flows over a double-cone was studied. Each double-
cone experiment was conducted at the newer CUBRC LENS-XX facility that provides
freestream conditions that are in thermochemical equilibrium. Unsteady flow was
observed in some frozen cases. The surface property analysis demonstrated a delay
in flow separation when the thermochemistry model moved closer to equilibrium. It
also showed significant sensitivity to thermochemistry modeling for all mid and high
enthalpy double-cone cases. In general, the drag analysis showed that similar results
were obtained with the nonequilibrium, equilibrium and frozen approaches. The
heating rate analysis demonstrated significant differences as high as 37% between the
equilibrium, nonequilibrium, and frozen thermochemistry models.
These results indicate that some of the double-cone cases investigated at the
CUBRC LENS-XX facility are much more sensitive to the details of thermochem-
istry modeling than others. High enthalpy air cases appear to be the most sensitive
of the cases considered. This sensitivity varies across different aspects of the flow.
The total heating rate showed variations of greater than 30%. This is in contrast to
the difference in total drag that had a maximum of 6%, indicating that heating rate
is much more sensitive. This is due to the differences in the rate of chemical reactions
between the three regimes. Chemical reactions include molecular dissociation and re-
combinations, which require energy in the form of heat. Therefore, it is unsurprising
to see more significant differences in surface heat transfer when compared to surface
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pressure.
A comparison of the Park and MMT thermochemistry models was also studied.
By comparing the surface properties of the two models, it was determined that sur-
face pressure was relatively unaffected when compared to surface heat transfer. This
result was unsurprising, considering the main differences in the Park and MMT ther-
mochemistry models has to do with heat exchange. It was also determined that
the main contributor to the small differences in surface heat transfer between the two
models has to do with the relatively low freestream density of each double-cone exper-
iment. Increasing the freestream density increased the collision rate, leading to more
chemical reactions in the flow that was still in a state of nonequilibrium by the time
it reached the wall. This region of flow was found to be recombination dominate.
Therefore, the differences in the Park and MMT thermochemistry models became
more apparent in the form of surface heat transfer. Lastly, it was illustrated that the
MMT thermochemistry model also failed to reproduce experimental measurements.
Despite the expectation that LENS-XX should produce freestream conditions with
less uncertainty than those in LENS-I, due to the claimed absence of thermochemical
nonequilibrium, it is shown that CFD consistently over predicted the surface proper-
ties. Additional inconsistencies are shown by other researchers in Refs. [37,38]. These
trends suggest there is a basic difference between the experiments and the simulations
for both CUBRC facilities. Due to the inconsistencies observed in the current chapter
and in Chapter 3, it must be concluded that the CUBRC double-cone experiments
considered in this dissertation are limited in their usefulness for the evaluation of
thermochemistry models utilized for analysis of hypersonic flows.
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It is therefore surmised that new hypersonic experiments are needed in facilities
with a well-characterized freestream and that employ advanced diagnostics for char-
acterization of both the surface properties and the flow field. Computational analyses
should be employed to determine suitable geometries and flow conditions. Sensitiv-
ity analyses can be used to indicate the level of measurement fidelity required to
discriminate between different thermochemistry models.
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CHAPTER 5
Sensitivity Analysis of the
Thermochemical Kinetics
This chapter serves as a follow up to the conclusions of Chapter 4. A sensitivity
analysis of thermochemistry models for hypersonic flow over a cylinder is investi-
gated. A CFD analysis is used to model Mach 5 and Mach 7 flow over a cylinder,
where freestream properties are representative of experiments to be conducted in
the Hypervelocity Expansion Tube (HET) at the California Institute of Technol-
ogy (CalTech). The analysis is performed using the Sandia National Laboratory’s
toolkit code Dakota. The objective of the sensitivity study is to vary reaction rates
to help identify rate inputs that most influence key quantities of interest.
5.1 Introduction and Motivation
In the previous chapters, the double-cone was investigated to study the effects of
thermochemistry modeling because of its simple geometry and its shock wave bound-
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ary layer interaction. However, the investigation was unable to reproduce experimen-
tal data, likely due to inaccurate characterization of some aspects of the experiments,
making the double-cone limited in its usefulness for validating thermochemistry mod-
els for the studied cases.
In order to better assess the computational models, the current chapter will con-
duct a sensitivity analysis on the thermochemistry model. This analysis will help
identify the key reactions that may be tested by future experiments to be conducted
in the CalTech facility. It may also help experimentalists to better understand the
accuracy required from their diagnostics to be able to differentiate between different
models. An example of large uncertainty values for thermochemistry experiments is
shown in Fig. 5.1. Figure 5.1 compares the post normal shock relaxation of molecu-
lar oxygen for the Park 2T and State-to-State (STS) thermochemical models against
experimental measurements. The two models show clear differences, but both are
bounded by the measurement uncertainties. Therefore, an evaluation to which model
provides a better prediction cannot be made. The results of the sensitivity study
described in this chapter may aid experimentalists in lowering uncertainties like these
to provide computationalists a better understanding of which thermochemical ap-
proaches are necessary for accurate results.
A simple geometry that can be used to conduct a sensitivity analysis on thermo-
chemistry models is a cylinder in cross flow. Though the cylinder does not produce a
shock wave boundary layer interaction, the geometry allows for post shock conditions
to be easily evaluated at a low computational cost. In addition, cylinder flows involve
expansion and flow separation regions that broaden the range of phenomena. The
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Figure 5.1: Mach 13 shock tube profile of molecular oxygen relaxation [85].
specific cylinder will be investigated in the HET facility. A schematic of the HET
facility and a sample x-t diagram are shown in Figs. 5.2 and 5.3, respectively. Details
regarding the operation of the facility and its capabilities can be found in Ref. [86].
The HET diagnostics include piezoelectric pressure transducers and temperatures ex-
tracted from spectrum fitting [86,87]. Details of the experimental setup can be found
in Ref. [87] and are discussed below.
Figure 5.2: HET schematic [86].
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Figure 5.3: Sample x-t diagram of the calculated gas dynamic process for a Mach
5.1 test flow [86].
In order to illustrate the potential effects thermochemistry models have on QoIs,
Mach 5 and Mach 7 cylinder cases in air are studied by adjusting reaction rates for
five of the most common reactions in air: (1) O2 dissociation with partner N2 (2) O2
dissociation with partner O (3) O2 dissociation with partner O2, and the first and
second Zeldovich reactions (4) N2 exchange with partner O and (5) NO exchange with
partner O. The QoIs in the current work include the surface pressure, surface heat
transfer, number density of NO at the wall, stagnation line rotational temperature,
and total drag and heating rate. An in depth discussion on the inputs and QoIs is
provided below.
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The current chapter will explain the numerical approach used in this study, de-
scribe the test cases, examine the resulting flow properties for the cylinder, explain
the strategy of the sensitivity study, discuss the sensitivities of the QoIs, and will end
with conclusions based on trends observed.
5.2 Numerical Approach
The hypersonic flow component of the numerical simulations in this chapter are
performed using the CFD code LeMANS, detailed in Section 2.2, with the Park 2T
model. This chapter investigates a wide range of thermochemical regimes between
equilibrium, nonequilibrium, and frozen flow by altering chemistry rates calculated
by Eq. 2.20.
The sensitivity analysis in this study is performed by Dakota, detailed in Section
2.3. The integration of Dakota with LeMANS accounts for a major portion of the
current work. Sensitivity is investigated through polynomial chaos expansion (PCE),
a stochastic expansion method. Dakota utilizes PCE to automatically change reaction
rates, calculated by Eq. 2.20, for every LeMANS simulation. Since the investigation
only considers a relatively small number of input parameters, five, PCE is more
efficient than a random sampling method [37,66]. After the Dakota PCE simulation is
complete, and LeMANS simulations have been run, Dakota quantifies the sensitivities
each input has on a QoI by means of global Sobol indices. This method will identify
which input parameters most influence output quantities of interest. The input file
of Dakota utilizes a sparse grid level of two and sets upper and lower bounds of the
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reaction rates by two orders of magnitude from their standard value. The order of
polynomials is five. These inputs are chosen to optimize computational expense and
quality of results. The resulting computational expense includes approximately 80
LeMANS simulations and a total of approximately 2000 core hours per hypersonic
cylinder case.
5.3 Hypersonic Flow Over a Cylinder
Each cylinder case and its freestream conditions generated in the HET facility
considered in this study are shown in Table 5.1 [86]. Here, the nomenclature for
the HET case is introduced where the first two letters and numbers represent the
freestream Mach number and enthalpy, respectively. The third represents the test
gas, air: 76.5% N2 and 23.5% O2 by mass fraction. These cases are chosen because air
at these high enthalpy levels produces nonequilibrium thermochemistry phenomena
that can be examined. These were also the cases suggested by Professor Joanna
Austin, the principle investigator at HET. The freestream conditions were calculated
in Ref. [87] assuming perfect gas. The freestream enthalpies of the two cylinder cases
are mid-level, between Runs 1 and 2 of CUBRC’s LENS-XX experiments shown in
Table 4.1. A laminar flow model is also used, which is consistent with Ref. [87]. The
unit Reynolds number for these cylinder cases are on the same order of magnitude,
105, as all of the LENS-XX double-cone cases where the laminar model is known to
be appropriate.
The geometry specifications of the cylinder consist of a 0.03175 m (1.25 in) diam-
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Table 5.1: Cylinder freestream conditions [87]
Case M7-H8-A M5-H6-A
Test Gas Air Air
Mach 7.18 4.87
h0, MJ/kg 8.14 6.23
U∞, m/s 3922 3283
T , K 743 1129
p, Pa 807 3513
ρ∞, g/m
3 3.79 10.84
tTest, µs 163 311
Re, 1/m 4.3×105 7.9×105
Us,accel, m/s 4728 3968
eter and a 0.0762 m (3 in) span. The two dimensional computational grid consists
of approximately 60,000 cells with 200 cells along the wall. The grid is shown in
Fig. 5.4. The grid convergence study consists of a coarse grid, approximately 30,000
cells, and a fine grid, approximately 120,000 cells. An RMS comparison between the
surface pressure and surface heat transfer for each grid produced a maximum percent
difference much less than 1%. Due to the short run time of the experiment, the case
is modeled as an isothermal wall at 300 K to replicate the HET experiments. The
wall is non catalytic.
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Figure 5.4: Hypersonic cylinder grid.
5.4 Results
The results for the hypersonic cylinder flows are shown here. This section includes
a synopsis of the cylinder’s flow field and surface properties, in terms of surface pres-
sure and surface heat transfer. These results serve as a foundation for the proceeding
section on sensitivity analysis.
5.4.1 Flowfield Results
The temperature contours for the M7-H8-A case are shown in Fig. 5.5. The M7-
H8-A temperature results are representative of the M5-H6-A case. These temperature
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contours illustrate the simplicity of the cylinder flow field. The flow field consists of
a bow shock that increases pressure and temperature and gradually decreases as the
shock strength weakens and the flow expands. These flow properties are still large by
the time the flow reaches the surface, making the study of surface properties impor-
tant. The contours also capture the trailing edge of the cylinder where flow separation
and recirculation occur. These flow phenomena lead to interesting characteristics in
the sensitivity study discussed below.
Figure 5.5: M7-H8-A cylinder temperature contours with surface streamline.
A major objective of the sensitivity analysis is to determine how different reac-
tions affect QoIs. This requires some understanding of the chemical reactions taking
place in the flow field. Figure 5.6 shows the change in the chemical makeup along
the stagnation line in terms of species mass fraction for 5-species air. Figure 5.6(a)
illustrates molecular oxygen dissociation, that produces atomic oxygen. Shortly af-
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ter, nitric oxide is formed due to the first Zeldovich reaction. The dissociation and
exchange of nitric oxide molecules then leads to a small increase in atomic nitrogen.
Figure 5.6(b) illustrates the formation of oxygen molecules near the wall and a sig-
nificant amount of atomic oxygen and nitric oxide. Atomic nitrogen is insignificant
near the surface.
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(a) Full stagnation line properties
(b) Near wall stagnation line properties
Figure 5.6: Stagnation line properties for the M7-H8-A cylinder with standard reac-
tion rates.
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The net chemistry rates for the five key reactions for both cylinder cases are
also presented below. Figure 5.7 shows the net reaction rates on a stream line just
above the stagnation point, shown in Fig. 5.5, to approximately half way around the
cylinder, where the five net reaction rates reach zero and before the flow reaches the
wake. Each cylinder case shows that the net O2-N2 reaction is the most active right
after the shock and again as the flow starts to move around the surface. It is also
shown that the net O2-O2 reaction is the least active overall. Figure 5.7(a) shows
that the O2-O and N2-O net reactions are similar after the shock, however as the flow
moves over the surface of the cylinder the O2-O reaction begins to dominate. The
NO-O net reaction is also significant post shock, but reaches zero as the flow moves
over the cylinder. Figure 5.7(b) is similar to Fig. 5.7(a), but differs in the post shock
region where the N2-O net reaction is more active than the O2-O net reaction. Also,
the net reactions of O2-O and O2-N2 are similar as the flow moves over the surface
of the cylinder. Further illustration of the net reaction rates in the flow field can be





Figure 5.7: Net reaction rates along a streamline.
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5.4.2 Surface Properties
M7-H8-A is a high enthalpy air case. The surface properties are shown in Figs. 5.8
and 5.9 and display expected results. The M7-H8-A surface profiles are representative
of the M5-H6-A surface profiles. The M5-H6-A surface profiles are shown in Section
A.1 for reference. The surface pressure calculated by LeMANS shows a peak at
the stagnation point and a gradual decline around the cylinder. The surface heat
transfer also shows a peak at the stagnation point and a gradual decline as the flow
expands. The surface properties also show a slight increase at the trailing edge, further
indicating complicated flow physics at this location and showcasing the importance of
a sensitivity study in this region. The flow physics are illustrated by the streamlines
shown in Fig. 5.10 and confirm recompression and potentially recirculation near the
trailing edge of the cylinder. Figures 5.8-5.9 also show HET’s mid-span locations of
experimental measurement ports at 0, 30, 60, and 90 degrees.
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Figure 5.8: M7-H8-A surface pressure with experimental measurement locations.
Figure 5.9: M7-H8-A surface heat transfer with experimental measurement locations.
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Figure 5.10: M7-H8-A streamlines.
5.5 Sensitivity Analysis Results
The previous section discussed the baseline flow field and surface properties of the
hypersonic cylinder flows. The analysis produced the expected results and suggest
complicated flow physics near the trailing edge of the cylinder, making this region
important for the proceeding sensitivity analysis. The following section will discuss
the input parameters and QoI for the PCE sensitivity study and provides an in-depth
discussion of the results.
5.5.1 Input Parameters
The sensitivity analysis considers five input parameters, which are the forward
reaction rates of O2 dissociation with partner N2, O2 dissociation with partner O, O2
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dissociation with partner O2, and the first two Zeldovich reactions, N2 exchange with
partner O and NO exchange with partner O. Dakota is programmed such that the
PCE method varies the chemistry rates by no more than three orders of magnitude.
Other reactions are currently not considered to save computational cost. The O2-N2,
O2-O, and O2-O2 reactions are considered for a few reasons:
1. Primary focus is on O2 dissociation because it has a weaker bond than N2.
2. O2-N2 is considered because N2 is the dominant species in air.
3. O2-O2 is considered because O2 is the second most common species in air.
4. O2-O is considered because of O2 dissociation.
The oxygen atoms can then interact with other species, either in the flow or on the
surface. It is well known that atomic oxygen significantly affects flow and surface
properties, so these reactions need to be understood in detail. The two Zeldovich
reactions are considered for a few reasons. The first reason is that the first Zeldovich
reaction, N2 + O −→ NO + N, is a primary reaction that destroys N2. The bond
strength of N2 is so strong that breaking it all at once is rare. The first Zeldovich
reaction provides a pathway, because the NO bond is about 6 eV, compared to 10 eV
for N2, so the energy required to activate the reaction is only about 4 eV. Second,
the density of NO will be measured in the CalTech experiments. Lastly, Fig. 5.6
illustrates that NO forms near the wall. Post-shock dissociation of O2 is also shown
in Fig. 5.6.
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5.5.2 Quantities of Interest
Several QoIs are considered for the sensitivity analysis. These QoIs coincide with
the HET facility and its ability to measure surface pressure, surface heat transfer,
number density of NO, and stagnation line rotational temperature. Even though
surface properties are only measured in HET at locations of 0, 30, 60, and 90 degrees
around the cylinder, the current work investigates these QoIs at every 10 degrees
on the cylinder to help identify locations of interest. The rotational temperature is
measured in HET on the stagnation streamline at locations of 2.3 mm, 2.8 mm, and
3.3 mm upstream of the stagnation point. Due to the use of the Park 2T model in
LeMANS, rotational temperature is assumed to be in equilibrium with translational
temperature. Therefore, translational temperature is used to represent the rotational
temperature as the QoI. This is a safe assumption considering the relatively low
temperature values of the hypersonic cylinder, less than 8,000 K, and is explained
further in Park’s paper on the limitations of his 2T model in Ref. [88]. The number
density of NO at the wall is also considered a QoI due to the presence of NO near
the wall, shown in Fig. 5.6. Total drag is also a QoI and is calculated by integrating
the entire profile of surface pressure and surface shear stress. Total heating rate is
also considered a QoI because of its potential impact on material response and is




The sensitivities are quantified via Sobol indices, described in Section 2.3 and the
results are discussed below. A high Sobol index suggests that the particular reac-
tion dominates the QoI. Surface heat transfer, surface pressure, and surface number
density of NO have their Sobol index presented versus their location on the cylinder.
Translational/Rotational temperature, drag, and heating rate have their Sobol index
quantified in a bar chart.
The sensitivity of surface heat transfer is quantified in Fig. 5.11 for both hyper-
sonic cylinder flows. For the M7-H8-A case, the O2-N2 reaction dominates surface
heat transfer at the stagnation point. This result is partially explained when Fig.
5.7(a) is considered. O2-N2 is a primary reaction that destroys O2. The properties
along the stagnation line in Fig. 5.6 also show the formation of O2 near the wall. As
the flow moves over the cylinder, recombination begins to take effect via the O2-N2
and O2-O reactions, shown by the negative values in Fig. 5.7(a). Negative values in
Fig. 5.7 indicates reactions are proceeding in the backward direction. This recom-
bination releases energy in the form of heat which can be transfered to the surface.
Similarly, the O2-N2 reaction dominates the stagnation point for the M5-H6-A case.
However, in this instance, the Zeldovich reactions are also contributing to the pro-
duction of molecules and, therefore, releasing heat. The high contribution to surface
heat transfer via the Zeldovich reactions is consistent with Fig. 5.7(b). This case
also shows an increase in the O2-O reaction Sobol indices as the flow moves over the
cylinder, which again agrees with Fig. 5.7 where this reaction begins to dominate
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along with O2-N2. Also of note in Fig. 5.11 is the region leading up to and after 140
deg. At this location, the Sobol indices begin to change rapidly. This is due to the
onset of flow separation and recirculation in this region, shown in Fig. 5.10. This
phenomenon can be a result of the change in reaction rates, as shown in Chapters
3 and 4, and can lead to some unsteadiness in the flow. As a result, each LeMANS
simulation converges to a slightly different solution which leads Dakota to indicate
this area of the cylinder is sensitive.
While the Sobol indices indicate that a QoI is sensitive to a particular parameter,
they do not indicate the degree of how much a Sobol index value affects the QoI.
To study this effect, a number of additional LeMANS simulations are performed in
which the reaction rates of four of the five key reactions (O2-O2 is omitted) are
increased and decreased one at a time by two orders of magnitude. Based on the
comparison of these new results to the baseline case, the overall impact on surface heat
transfer is shown in Tables 5.2 and 5.3 at the experimental measurement locations.
Tables 5.2 and 5.3 again show that the O2-N2 and O2-O reactions are the most
dominant with percent differences of up to 34% and 24% for the M7-H8-A and M5-
H6-A cylinders, respectively, while the O2-O2, N2-O, and NO-O reactions produce
relatively much lower percent differences. While the overall percent difference for the
first and second Zeldovich reactions are relatively small, Tables 5.2 and 5.3 show that
these two reactions are more impactful for the M5-H6-A case than the M7-H6-A case,
also shown in Fig. 5.11.
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(a) M7-H8-A surface heat transfer Sobol indices
(b) M5-H6-A surface heat transfer Sobol indices
Figure 5.11: Hypersonic cylinder surface heat transfer Sobol indices.
The sensitivity of surface pressure is quantified in Fig. 5.12 for both the M7-
H8-A and M5-H6-A hypersonic cylinders. At the stagnation point, both hypersonic
cylinder cases illustrate that the O2-O reaction is the most dominant along with the
O2-N2 reaction. This result can be traced back to the stagnation line properties and
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Table 5.2: M7-H8-A percent difference in surface heat transfer
Angle
O2-N2 O2-O N2-O NO-Odeg
0 33.4 32.1 0.88 1.44
30 34.2 32.8 0.06 1.14
60 27.6 27.6 2.11 0.36
90 14.2 17.5 3.96 0.08
Table 5.3: M5-H6-A percent difference in surface heat transfer
Angle
O2-N2 O2-O N2-O NO-Odeg
0 21.9 11.6 3.30 2.35
30 24.1 12.7 2.77 2.06
60 24.4 10.5 1.30 1.34
90 20.3 5.18 0.28 0.66
the relation between surface pressure and number density. Figure 5.6(b) shows that
atomic oxygen is quickly recombining near the wall. Pressure is also proportional to
species number density. As a result of the rapid change in molecular oxygen number
density, the sensitivity of surface pressure is going to be dominated by these two
reactions. As the flow moves down stream of the cylinder, the Sobol index of the O2-
N2 reaction begins to overtake the O2-O reaction for the M5-H6-A cylinder. It should
be noted that while the Sobol indices in this downstream region are quantitatively
different, Sobol indices on the same order of magnitude are qualitatively similar.
Consequently, the O2-O2, and the two Zeldovich reactions are relatively unimportant
when compared to the other two reactions.
Additionally, based on the additional LeMANS simulations in which individual
rates were increased and decreased by two orders of magnitude, the overall impact
of surface pressure is shown in Tables 5.4 and 5.5 at the experimental measurement
locations. Tables 5.4 and 5.5 display very low percent differences indicating that
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surface pressure is not sensitive to the change in flow chemistry. This was also shown
for the double-cone flows in Chapters 3 and 4. Therefore, a high Sobol index in Fig.
5.12 does not indicate that the particular reaction significantly influences surface
pressure.
(a) M7-H8-A surface pressure Sobol indices
(b) M5-H6-A surface pressure Sobol indices
Figure 5.12: Hypersonic cylinder surface pressure Sobol indices.
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Table 5.4: M7-H8-A percent difference in surface pressure
Angle
O2-N2 O2-O N2-O NO-Odeg
0 0.88 0.89 0.06 0.04
30 0.19 0.17 0.17 0.18
60 2.73 0.74 0.45 0.54
90 5.24 0.66 1.12 0.98
Table 5.5: M5-H6-A percent difference in surface pressure
Angle
O2-N2 O2-O N2-O NO-Odeg
0 1.10 0.52 0.08 0.02
30 0.74 0.41 0.06 0.06
60 0.48 0.01 0.05 0.25
90 1.27 0.68 0.25 0.42
The sensitivity of surface number density of NO is shown in Fig. 5.13 for both hy-
personic cylinder cases. The results here are unsurprising. Namely, the two Zeldovich
reactions dominate the number density of NO on the surface of the cylinder. The
results also suggest that the O2-O2 reaction is relatively unimportant for this QoI.
This is because NO requires atomic oxygen, which is more likely to arise from the
other four reactions, as shown in Fig. 5.7. Also of note is that the O2-N2 and O2-O
reactions also heavily influence the surface number density of NO for the M7-H8-A
case, while these two reactions do not become important for the M5-H6-A case until
further around the cylinder. This phenomenon is most likely related to the difference
in dominant net reaction rates in Fig. 5.7. Unlike the M7-H8-A case, the M5-H6-A
case shows that the O2-O reaction is not as active as the first and second Zeldovich
and O2-N2 reactions post shock, leading Dakota to indicate the O2-O reaction is not
as sensitive.
120
These results are also illustrated in Table 5.6 and Table 5.7. These tables showcase
the overall impact of surface NO number density for each reaction at the experimental
measurement locations based on the additional simulations in which individual rates
are increased and decreased by two orders of magnitude. Tables 5.6 and 5.7 show
that not only are the first and second Zeldovich reactions the most dominant, as they
produce an overall percent difference between approximately 120-190%, the O2-O
reaction for Table 5.7 is less dominant when compared to Table 5.6, also shown in
Fig. 5.13. These large percent differences indicate that NO surface number density
is highly influenced by the rate input.
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(a) M7-H8-A surface number density of NO Sobol indices
(b) M5-H6-A surface number density of NO Sobol indices
Figure 5.13: Hypersonic cylinder surface number density of NO Sobol indices.
The remaining QoIs for the M7-H8-A cylinder are shown in Fig. 5.14 and involve
total drag, total heating rate, and rotational temperature at locations of 2.3 mm
(T1), 2.8 mm (T2), and 3.3 mm (T3) upstream of the stagnation point. For this case,
both drag and heating rate are dominated by the O2-N2 and O2-O reactions. This
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Table 5.6: M7-H8-A percent difference in surface number density of NO
Angle
O2-N2 O2-O N2-O NO-Odeg
0 29.2 42.0 171 150
30 33.5 46.2 172 152
60 40.3 51.5 174 154
90 45.7 54.4 175 155
Table 5.7: M5-H6-A percent difference in surface number density of NO
Angle
O2-N2 O2-O N2-O NO-Odeg
0 22.8 26.9 182 117
30 24.1 28.2 183 118
60 25.7 30.5 184 119
90 26.2 32.4 184 119
result coincides with the dominant reactions in Figs. 5.7, 5.11(a), and 5.12(a). It is
likely that if a particular reaction dominates surface pressure or surface heat transfer,
it will also dominate total drag or total heating rate, respectively. The O2-N2 and
O2-O reactions also dominate the determination of rotational temperature. This can
be explained by considering Fig. 5.7. The O2-N2 and O2-O reactions are likely the
fastest chemical reactions behind the shock. These are dissociation reactions that
remove a lot of energy from the flow. This energy loss accounts for the decrease in
both Ttr and Tvib behind the shock. The first and second Zeldovich reactions are also
active behind the shock, however Fig. 5.7 shows that the two reactions are likely
canceling each other out. Therefore, the value of Tr is most influenced by the rates
of the O2-N2 and O2-O reactions.
Similarly, the remaining QoIs for the M5-H6-A cylinder are shown in Fig. 5.15.
For this case the O2-N2 and O2-O reactions reactions dominate total drag and coincide
with Fig. 5.12(b). Unlike the M7-H8-A cylinder case, however, the heating rate is
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dominated by the O2-N2 and O2-O reactions and the two Zeldovich reactions. This
coincides with Fig. 5.7 and illustrates how sensitive the amount of chemical activity
is to the freestream condition. The rotational temperature is again dominated by the
O2-N2 and O2-O reactions, for similar reasons as the M7-H8-A case.
Figure 5.14: M7-H8-A Sobol indices.
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Figure 5.15: M5-H6-A Sobol indices.
Additionally, the overall impact of the remaining QoIs for each cylinder based
on the additional simulations in which individual rates are increased and decreased
by two orders of magnitude are shown in Tables 5.8 and 5.9 at the experimental
measurement locations for rotational temperature. Tables 5.8 and 5.9 again show that
drag is relatively uninfluenced when compared to heating rate, as expected considering
the overall impact of surface pressure in Tables 5.4 and 5.5 and the extreme impact of
surface heat transfer in Table 5.2 and 5.3. Tables 5.8 and 5.9 also show that rotational
temperature is strongly impacted overall, with percent differences up to 27%.
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Table 5.8: M7-H8-A percent difference in QoIs
QoI O2-N2 O2-O N2-O NO-O
Drag 0.113 0.502 0.178 0.154
Heating Rate 31.3 30.5 0.529 0.991
T1 20.8 22.2 1.00 0.891
T2 25.0 26.5 0.455 0.877
T3 17.9 9.53 1.78 0.192
Table 5.9: M5-H6-A percent difference in QoIs
QoI O2-N2 O2-O N2-O NO-O
Drag 0.956 0.41 0.07 0.04
Heating Rate 23.4 11.4 2.33 1.87
T1 20.0 17.4 0.68 0.64
T2 23.6 16.6 0.19 0.25
T3 26.4 11.4 0.30 0.40
5.6 Chapter Summary
A sensitivity analysis of thermochemical kinetics models for hypersonic flow over
a cylinder was investigated. LeMANS was used to model the M7-H8-A and M5-H6-A
cylinder flows, with freestream properties that can be generated in the HET facility at
the California Institute of Technology. The CFD analysis utilized Park’s 2T model to
model thermal nonequilibrium. The sensitivity analysis was performed using Sandia
National Laboratory’s sensitivity code Dakota by means of a PCE algorithm. The
PCE study altered the reaction rates by adjusting the rates for five of the most com-
mon chemical reactions in air, O2 dissociation with partner N2, O2 dissociation with
partner O, O2 dissociation with partner O2, and the two Zeldovich reactions, N2 ex-
change with partner O and NO exchange with partner O, to help identify rate inputs
that most influence QoIs. The quantities of interest were surface pressure, surface
heat transfer, surface number density of NO, total drag, total heating rate, and rota-
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tional temperature. The rotational temperature was represented by the translational
temperature consistent with the use of Park’s 2T model. The sensitivity each input
had on a QoI was quantified via Sobol indices, which were also calculated by Dakota.
The relatively simple cylinder configuration allowed for the flow field to be easily
evaluated at low cost. The temperature contours consisted of a bow shock in front
of the cylinder that increases pressure and temperature and gradually decreased as
the shock weakened. The flow field also captured the trailing edge of the cylinder
where flow separation begins to occur. The surface pressure investigation showed a
peak at the stagnation point and a gradual decline downstream. The surface heat
transfer also showed a peak at the leading edge and a gradual decline downstream.
Each surface property also showed a slight increase near the trailing edge, further
suggesting flow recompression and recirculation and making the location of interest.
The sensitivity results illustrate how complicated understanding hypersonic flows
can be and indicate that different freestream conditions will influence which chemical
reactions dominate QoIs. For the M7-H8-A case, surface pressure and surface heat
transfer were dominated by the O2-N2 and O2-O reactions, and, therefore, so were
total drag and total heating rate. The surface number density of NO was dominated
by the two Zeldovich reactions, which was expected. The rotational temperature was
also dominated by the O2-N2 and O2-O reactions because they were proceed most
rapidly behind the shock while the first and second Zeldovich reactions canceled each
other out. The M5-H6-A case also had surface pressure, surface heat transfer, total
drag, and total heating rate dominated by the O2-N2 and O2-O reactions. However,
unlike the M7-H8-A case, the two Zeldovich reactions were also dominant in surface
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heat transfer and total heating rate, illustrating the influence freestream properties
have on chemical reactions. It was also noted that while a particular reaction might
dominate surface pressure and drag, these quantities are not very influential overall,
also shown in Chapters 3 and 4. The results also suggested flow separation and
recirculation around 140 deg. Lastly, the Sobol indices showed that the O2-O2 reaction
was not dominant in any of the QoIs considered in this study.
Given the results of this Chapter, the CalTech HET experiments should be useful
for evaluation of thermochemistry modeling. Though surface pressure and total drag
were insensitive to the alteration of the thermochemical kinetics model, each other
QoI was sensitive. The overall effect on rotational temperature at the HET measure-
ment locations were almost 30%, indicating that the relatively large Sobol indices
for the O2-N2 and O2-O reactions are associated with large variations in rotational
temperature. Likewise, the overall impact on surface heat transfer and surface NO
number density are large at the experimental measurement locations with percent
differences up to 35% for surface heat transfer and up to 185% for surface NO num-
ber density, again indicating that the large Sobol indices for particular reactions are
associated with significant changes in these QoIs. Additionally, each cylinder case
showed different reactions dominating QoIs. Each of these takeaways indicate that
the accuracy of freestream measurements and the thermochemical kinetics model are
important.
Furthermore, results from the sensitivity analysis can help inform diagnostics de-
velopment. Specific property measurements of interest include the concentration of
atomic oxygen. Each QoI is heavily influenced by the concentration of atomic oxygen
128
on the surface and in the flowfield, shown throughout the Chapter, indicating that
low uncertainty measurements of atomic oxygen that can be reproduced by numerical
simulations is important. The large percent differences in Tables 5.6 - 5.9 indicate sen-
sitivity to the thermochemistry model, suggesting that low uncertainty measurements
of Ttr and the concentration of NO are important and should also be considered. Hav-
ing low uncertainties in these measurements will help computationalists distinguish
differences between thermochemistry models.
The difference in sensitive properties for the two cylinder cases suggest that several
other factors should be considered to better understand hypersonic flows. First,
it would help our understanding of sensitive input reaction rates if the sensitivity
investigation was conducted over a wider range of freestream conditions. For this
approach a random-sampling method might be more efficient than PCE. Second, other
geometries should be considered to determine if the same input reactions dominate
slender bodies as they do for the blunt cylinder. Lastly, a larger set of reactions
should be considered for the sensitivity study.
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CHAPTER 6
Conclusion and Future Directions
“Go then, there are other worlds than these.”
Stephen King, The Gunslinger
This chapter serves to summarize this dissertation and specific results from Chap-
ters 3 - 5. Next, the major research contributions from this dissertation are discussed.
Lastly, recommendations for future work are provided along with a list of published
journal and conference papers by the author.
6.1 Dissertation Summary and Conclusions
Chapter 1 provided an introduction for the presented work. It included a brief
history of hypersonics that laid a foundation for the motivation of the presented
work. Past and current hypersonic research topics were discussed. Additionally, this
chapter discussed the unique challenges of studying computational hypersonics and
the overall scope of the dissertation.
Chapter 2 gave a description of the numerical modeling of hypersonic gas dy-
namics. Specifically, the Chapter began by providing a discussion on thermodynamic
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equilibrium and the underlying physics associated with nonequilibrium flow phenom-
ena typically found in hypersonic flow environments. Next, a description of the CFD
code LeMANS was provided with specifics such as the Navier-Stokes equations, ther-
modynamic and transport properties, and Park’s 2T and MMT thermochemistry
models. Lastly, a discussion on the numerical toolkit Dakota and how it can be used
to conduct a sensitivity analysis was provided.
Chapter 3 investigated the effects of thermochemistry modeling for hypersonic
flow over a double-cone. Park’s 2T model was utilized and the chemistry rates were
altered. Freestream properties were measured at CUBRC’s LENS-I facility and were
in a state of thermochemical nonequilibrium. Surface properties, such as pressure,
heat transfer, drag, and heating rate, were then compared and it was determined that
thermochemistry modeling plays an important role, especially at high freestream en-
thalpies. Contours of thermal and chemical nonequilibrium were also provided to
better illustrate that any general evaluation of the role of the importance of thermo-
chemistry modeling must account for the specific thermochemical properties of the gas
involved. Computational results also consistently over predicted or under predicted
pressure drag and heating rate in comparison to the experimental data. Due to these
inconsistencies, it was concluded that the LENS-I double-cone cases examined are
limited in their usefulness for validation of thermochemistry models.
Chapter 4 further investigated the effects of thermochemistry modeling for hy-
personic flow over a double-cone. However, the freestream conditions considered in
this Chapter were generated in CUBRC’s LENS-XX facility, where properties are
in a state of thermochemical equilibrium. Park’s 2T model was utilized and the
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chemistry rates were altered to induce equilibrium, nonequilibrium, and frozen flows.
Surface properties were compared and again it was determined that thermochemistry
models play an important role. Computational results also failed to reproduce the ex-
periments, despite thermochemical equilibrium in the freestream. Additionally, this
chapter utilized the newly implemented MMT model in LeMANS to investigate the
difference between it and Park’s 2T model. The difference between the two models
were minimal, a result of the freestream density. This indicated that the MMT model
also failed to reproduce experimental results, further indicating that the double-cone
is limited in its usefulness in validating thermochemistry models.
To reduce the inconsistencies between CFD and experiments, like those observed
in Chapters 3 - 4, Chapter 5 reported on a sensitivity analysis on the thermochemical
kinetics for hypersonic flow over a cylinder. The sensitivity analysis was conducted via
PCE and quantified by Sobol indices. The freestream properties were representative
of experiments to be conducted in the HET facility at CalTech. The results showed
that, generally, the O2-N2 and O2-O reactions dominated surface pressure, surface
heat transfer, drag, heating rate, and rotational temperature, while the two Zeldovich
reactions dominated the surface number density of NO. The O2-O2 reaction was found
to be less important than the other four reactions. Surface pressure and drag were
also found to be insensitive overall. The results also suggested flow separation and
recirculation near the trailing edge of the cylinder. Given these findings, the CalTech
HET experiments should be useful for the evaluation of thermochemistry modeling.
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6.2 Research Contributions
The previous Section provided a summary of each chapter of this dissertation.
The following Section discusses the major contributions of the research, which can be
characterized as follows:
 Investigation into the effects of thermochemistry modeling for hyper-
sonic double-cone flows: The CUBRC LENS-I and LENS-XX double-cone
cases were investigated and determined that thermochemistry models play a
significant role in determining surface properties, especially at high free stream
enthalpies.
 Comparison of CUBRC’s LENS-I and LENS-XX double-cone exper-
iments: The LENS-XX double-cone simulations were investigated and com-
pared to the LENS-I simulations to determined if the thermochemical equi-
librium condition of the freestream in the LENS-XX facility could help CFD
reproduce experimental measurements. Each CFD simulation consistently over
predicted or under predicted experimental results, suggesting that the double-
cone experiments considered in this dissertation are limited in their usefulness
for validating thermochemistry models.
 Comparison of Park’s 2T and MMT thermochemistry models: CUBRC’s
LENS-XX double-cone experiments were utilized to compare the Park 2T and
MMT thermochemistry models. Each model produced similar surface profiles
due to the freestream density. The freestream density correlates to a regime
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where recombination and dissociation differences are not important. These re-
sults again indicated that the double-cone is limited in its usefulness for the
validation of thermochemistry models.
 Development of coupled numerical tools: A coupled CFD-numerical toolkit
framework was developed, allowing Dakota to interact with LeMANS to conduct
a sensitivity analysis.
 Sensitivity analysis on thermochemical kinetics: The rates of the O2-N2,
O2-O2, O2-O, and the first two Zeldovich reactions were altered individually
by the PCE method to determine their effects on QoIs. The sensitivities were
quantified via Sobol indices to determine which reactions dominate particular
QoIs.
 Usefulness of the CalTech HET experiments: The sensitivity analysis
results informs researchers which reactions dominate QoIs. The information
can help guide the CalTech HET experiments. For example, the uncertainty
in surface pressure measurements can be much higher than the uncertainty in
surface number density of NO because surface pressure is not very sensitive to
the change in reaction rates when compared to the surface number density of
NO. The takeaways in this section also indicate that the accuracy of freestream
measurements and the thermochemical kinetics model are important. Given
these results, the CalTech HET experiments should be useful for evaluation of
thermochemistry models.
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6.3 Recommendations for Future Work
The modeling approach for each CFD simulation presented in this dissertation
have been thoroughly discussed to evaluate assumptions. These assumptions include
laminar flow models, 5-species air models, 2D and axisymmetric grids, and others.
However, these assumptions open the door for future work in the area of thermo-
chemistry modeling for hypersonic air flows and is discussed below.
One major recommendation is investigating the effects of plasma and the 11-
species air model. As discussed in Section 1.1, vehicles approaching velocities in
excess of Mach 10 produce a layer of plasma around the flight vehicle that hinders
communications. The plasma can interact with the wall, initializing catalytic reac-
tions between the gas-phase molecules and atomic species bound to the surface. These
chemical reactions release atoms of the surface material into the gas-phase, which can
alter the chemical pathways associated with plasma formation. Therefore, the study
of plasma would ideally coincide with a study of surface-fluid interactions. This study
can be accomplished by utilizing a material response code such as MOPAR-MD, men-
tioned briefly in Section 3.4, by fully coupling the flow and material simulations.
There are also discrepancies when dealing with the thermochemistry model of a
partially ionized hypersonic flow field that should be examined. One major discrep-
ancy are the rates at which chemical reactions take place. Historically, the rates
published by Park in Ref. [8] have been the most popular. However, these rates were
determined empirically from experiments ranging in temperature from 300 K to 7000
K, presenting uncertainties when extrapolating to higher temperatures. Park himself
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mentions that his 2T approach may be inadequate for the analysis of an ionized flow-
field [88]. This suggests that there is still a great deal of uncertainty regarding the
range of applicability of the underlying thermochemical models governing the physics
of these ionized flows. Therefore, quantifying the uncertainties of the various ther-
mochemical model parameters on the observed plasma density for hypersonic flows is
suggested. This can be accomplished by utilizing the uncertainty quantification tools
in Dakota.
Additional work on the sensitivity study in Chapter 5 is also suggested. First,
a wider range of freestream conditions would allow researchers to have a better un-
derstanding of the correlation between freestream properties and dominant reactions.
Ideally, each simulation could be compared to experimental measurements. Second,
all 17 reactions in 5-species air should be examined to understand dominant reactions
in their entirety. This can be accomplished by looking at the chemical production
rates from a single simulation and relaying relevant reactions as inputs to Dakota.
If the number of relevant reactions exceeds five, a random-sampling method, such
as Latin Hypercube Sampling, is suggested over PCE to lower computational cost.
A study of computational time between PCE and Latin Hypercube Sampling could
also prove useful for future sensitivity studies. Third, different geometries should be
considered to determine how dominant reactions change. CalTech should also con-
sider measuring cylinder properties at additional locations, specifically around the
140 degree mark given the sensitivity of flow separation to the reaction rate. Lastly,
the effects of turbulence should eventually be considered for the hypersonic cylinder
given that these experiments are new when compared to the double-cone where the
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The surface plots of the HET M7-H8-A and M5-H6-A cylinder experiments pro-
duced similar results. Section 5.4 only addressed the M7-H8-A cylinder. Additionally,
only the net reaction rates for a single streamline was shown in Section 5.4 for both
cylinders. The following Appendix serves as a reference for the M5-H6-A cylinder
surface properties and the contours for the net reaction rates for both hypersonic
cylinders.
A.1 Additional Properties
The M5-H6-A cylinder is a mid enthalpy air case. The surface properties are
shown in Figs. A.1 and A.2. The surface properties calculated by LeMANS are
similar to the M7-H8-A case and shows a peak at the stagnation point and a gradual
decline downstream. The surface heat transfer also peaks at the stagnation point and
gradually declines downstream. Figures A.1 and A.2 also show a slight increase at
the trailing edge, similar to the M7-H8-A case, again indicating that this region is
experiencing flow recirculation. Additionally, The contours of the net reaction rates
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for each chemistry input is also shown in Figs. A.3-A.7 to give the reader an additional
illustration of the chemistry taking place in the flow field of each hypersonic cylinder
case.
Figure A.1: M5-H6-A surface pressure.
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Figure A.7: Net reaction rate of the second Zeldovich reaction.
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